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Abstract
Probing Chemical Evolution in Molecular Clouds with
Millimeter-wave Observations
February 1999
James E. Dickens, Jr., B.S., Rhodes College
Ph.D., University of Massachusetts Amherst
Directed by: Professor William M. Irvine
We present results for a study of gas-phase and grain chemical processes in the
dense interstellar medium (ISM) using millimeter-wavelength observations of the
pure rotational transitions of molecules.
We mapped emission from a large number of molecules over a 8.5' x 10' region
in the quiescent dark cloud core L134N. Statistical equilibrium calculations were
performed to determine the kinetic temperature from observations of NH3, the
molecular hydrogen density from measurements of HC3N, N2H+, and CS, and the
chemical abundances. We determined that the cloud can be described by a single
kinetic temperature of ~10 K, and that the average density toward all lines of sight
is nH2~2xlO^ cm"^. The determinations of these physical conditions were then
used to derive abundances relative to HCO+ and CO for the remaining molecular
species. Significant abundance variations were observed and are discussed in relation
to current gas-phase chemistry models.
We investigated grain processes using the ortho/para ratio of formaldehyde
(H2CO). We find modification of this ratio from that expected for gas-phase for-
mation (i.e., ortho/para~3) for dark clouds in the earliest stages of star formation.
This indicates formation on and subsequent removal of formaldehyde from grain
mantles, related to the increased energetics of the forming star.
Vll
Due to activation barriers in the gas-phase formation of molecules by the addi-
tion of hydrogen atoms, highly saturated molecules are not expected to be abundant
in molecular clouds unless molecules are released from grain surfaces, where the
hydrogen atom has sufficient time to tunnel through the barrier. We determined
that the abundance of methylenimine (CH^NH), the hydrogenated cousin to CN
and HCN, is well matched by gas-phase chemistry models in quiescent cores but
greatly enhanced in massive star forming regions, suggesting direct evidence for
grain formation of CH2NH in star forming cores.
We also report the first interstellar detection of the cyclic molecule ethylene oxide
(C-C2H4O), a precursor to the formation of the sugar phosphates which comprise the
backbone of our molecular genetic structure. Its formation pathways are thought to
be from molecules whose formation is related to grains, and its large abundance is
indicative of such processing.
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Chapter i
Introduction
Most of the volume in interstellar space contains atomic material, yet most of
the mass is concentrated in clouds of molecular gas and dust, where the density is
high enough to shield the inner region from the bond-breaking effects of ultraviolet
radiation (see Hollenbach k Thronson 1987 for review papers). The most
prevalent constituent of these molecular clouds is H2, but its lack of a permanent
dipole moment requires that other molecular species be used to probe the physics
and chemistry in these regions. The next most abundant species (CO) is 10^ times
less abundant than H2. Despite the trace quantities of such other molecules
compared to H2, dense molecular clouds exhibit a rich chemical inventory. Indeed,
more than 100 molecular species, the vast majority of them organic, have been
identified in interstellar clouds (Irvine 1998), giving testament to the complex
chemistry taking place in these regions. Moreover, molecular clouds are the
birthplaces of stars and planetary systems, and, therefore, provide the boundary
conditions for the subsequent evolution of solar-like environments.
Various gas phase models have been introduced to study the chemical
evolution in molecular clouds (e.g., Herbst k Leung 1989; Millar et al. 1991; Lee,
Bettens, k Herbst 1996). The number of chemical processes which influence
molecular abundances is large, and accurate reaction rates are diflftcult to ascertain
due to the difficulty in simulating the kinetic temperatures and molecular
hydrogen densities of interstellar clouds in a terrestrial laboratory. The
abundances of molecules are predicted by the models to vary with density and
temperature, such that knowledge of the physical conditions is important to
2understand the chemistry. At the same time, the importance of the chemistry to
the physics becomes apparent when one notes that the primary coohng mechanism
in molecular clouds is through spectral line emission from the trace molecular
constituents. These cooling pathways govern the cloud evolution with regards to
the collapse and fragmentation of molecular cores which will ultimately form
protostars. Due to the coupled nature of the physical conditions and chemical
abundances, it is necessary to obtain observational data sets which allow for the
accurate determination of the temperature and density and which highlight the
chemically interesting species. Additionally, significant abundance variations are
seen among different positions within the same cloud (Ungerechts et al. 1997;
Pratap et al. 1997), such that the data set should contain multiple lines of sight.
Millimeter wavelength observations have proven to be useful probes of the physics
and chemistry in interstellar clouds, since the pure rotational transitions of heavy
molecules occur in this region of the spectrum.
Quiescent dark clouds have become important testing grounds for
astrochemical models, since their physical properties tend to be simple compared
to the massive molecular cores associated with high-mass star formation.
Furthermore, quiescent cores lack luminous embedded sources, whose extra energy
inputs to the surrounding molecular material open up more reaction pathways to
the formation of molecules, and, hence, require a more complex array of chemical
reactions in the model. The high temperatures associated with star formation can
also warm up grain mantles and possibly release molecules trapped on the icy
grain surfaces back into the gas phase.
The most abundant molecular species H2 requires formation on grain surfaces
to dissipate the energy of formation in the H + H reaction (Hollenbach & Salpeter
1970). Since H2 is needed for the initiation of the gas phase chemistry leading to
the formation of more complex species, the importance of grains in the chemistry
3of the molecular interstellar medium is well established. Grains can also serve as a
sink for other atoms and molecules. The time scale for molecules to accrete onto
grain surfaces (IOV^h-, years, x ~8 10) is smaller than the time scale to reach
chemical equilibrium for densities typical of molecular clouds (d'Hendecourt,
Allamandola, & Greenberg 1985). Therefore, there must be some efficient
desorption mechanism to replenish the gas phase, possibly via explosive reactions
of radicals trapped in the grain mantles or enhanced UV radiation caused by the
forming star.
Complex molecular species, such as CH3OH, have been identified in the solid
state spectral signature of grains illuminated by luminous background sources
(Grim et al. 1991; Allamandola et al. 1992). It has been suggested that the
enhanced abundance of gas phase CH3OH toward high-mass star formation sites
(Blake et al. 1987) could be the result of desorption from grain surfaces (Sandford
k Allamandola 1993). More recently, Avery k Chiao (1996) and Gibb k Davis
(1998) have observed CH3OH abundances in the outflows of low-mass protostars
which are more than 2 orders of magnitude higher than that determined for the
ambient gas, suggesting disruption of grains in the outflow. Since both CH3OH
and H2CO are formed via reactions of CO and H on grains (Caselli, Hasegawa, k
Herbst 1993), we might also expect to see similar enhancements of H2CO in the
outflows.
The extent to which grain surface chemistry is having an impact on interstellar
chemistry is becoming more apparent with the recent results from the Infrared
Space Observatory (ISO). Boogert et al. (1996) report solid methane (CH4) with a
low gas/solid abundance ratio, suggesting formation on grains by either successive
hydrogenation of atomic carbon or UV processing of CH30H-rich ices. More
recently, Dartois et al. (1998) find evidence for low gas/solid ratios for CH4, CO2,
and H2O toward cold (50 K) molecular material. Furthermore, the abundance of
4these species on grains is more than that predicted by chemistry models (assummg
gas phase formation followed by freezmg onto grams), implying significant grain
surface production, especially for H,0 whose gas phase production pathways
involve reactions with activation barriers greater than 50 K.
The driving force behind this dissertation has been the desire to understand
the effect of grains on the chemistry of the dense interstellar medium. In the
formation of planetary systems, the grains become swept up into the debris which
eventually forms comets and asteroids. If complex organic interstellar material is
preserved in these primitive objects, collisions with these bodies would provide an
appealing link to the origin and evolution of life on Earth or other planets. In this
endeavor, we first wanted to explore a quiescent cloud core, which might be less
affected by the complications of grain chemistry, in order to provide a
comprehensive data set with which to constrain gas-phase chemistry models. We
then studied several molecules whose formation mechanisms might be related to
grain processes. Each chapter has the format of an individual paper to be
published separately and can therefore be read independently. Chapter 2 [to be
published as Dickens, J. E., Irvine, W. M., Snell, R. L., Bergin, E. A., Schloerb,
F. P., Pratap, P., k Miralles, M. P. 1998, Astrophys. J.] presents the
comprehensive observational results for the quiescent core L134N and a
comparison of the results with current gas phase chemistry models. Chapter 3 [to
be published as Dickens, J. E., k Irvine, W. M. 1998, Astrophys. J.] investigates
the process by which the ortho/para abundance ratio of formaldehyde (H2CO) is
modified from what is expected from gas phase production. It is thought that in
clouds with active star formation, the excess energy from the protostar is sufficient
to release molecules formed on grains (with an ortho/para ratio indicative of this
process) back into the gas phase. Therefore, we compare the molecular abundances
and ortho/para ratios for H2CO in quiescent cores and active star-forming dark
5clouds. Chapter 4 [published as Dickens, J. E., Irviue, W. M., DcVries, C. H., &
Ohishi, M. 1997, Astrophys. J., 479, 307] reports on a survey for n.ethylenunine
(CH^NH) in dark clouds and high-mass star forming regions as part of a study of
the hydrogenation of interstellar molecules, a process which is thought to be
inefficient in the gas phase due to activation barriers in the relevant reaction
pathways. Chapter 5 [published as Dickens, J. E., Irvine, W. M., Ohishi, M.,
Ikeda, M., Ishikawa, S., Nummelin, A., & Hjalmarson, A. 1997, Astrophyn. J.,
489, 753] provides the first interstellar detection of the ring molecule ethylene
oxide (C-C2H4O) toward the giant molecular cloud Sagittarius B2N. This is only
the fourth ring molecule detected in the interstellar medium. Its gas phase
production is thought to be from ethanol (C2H5OH) or C2H5, both of which are
suggested to be formed either totally on grains or via grain synthesis of precursors.
Furthermore, its similarity to the ring molecule oxiranecarbonitrile (C-C3H3NO), a
precursor to the formation of sugar phosphates which make up the backbone of
our molecular genetic structure, makes the detection of C-C2H4O particularly
interesting to studies of the origin of life (Dickens et al. 1996). Finally, Chapter 6
draws conclusions and suggests some future studies that are warranted from these
investigations.
Chapter 2
A Study of the Physics and Chemistry of
L134N
2.1 Summary
We have carried out a comprehensive and self-consistent study of the physical
and chemical state of the core of the dark cloud L134N (L183). We used
observations of the NH3(1, 1) and (2,2) rotation-inversion transitions to estimate
the kinetic temperature, which was found to be consistent with 10 K and not
varying with position. Densities were determined from multi-transition statistical
equilibrium calculations for HC3N, N2H+, and CS. The average density toward all
lines of sight was 2x10'* cm'^ As found by previous studies, the emission from
various molecular species peaks in different positions: SO and SO2 peak west of the
central position, which is the location of the strongest emission from (e.g.) N2H+
and CH3OH, with a second peak occurring for NH3 and HC3N to the north of the
center. The most striking abundance variations occur in a north-south cut through
the core center for HC3N, C2H, CS, SO, and SO2. A north to south decrease in the
abundance of HC3N and CS and the dramatic change in the CS/SO ratio, which
has been shown to be a sensitive tracer of chemical evolutionary state, suggests
that the north is at a younger evolutionary state than the south. An east-west cut
through the core center and including the SO peak emission position (west), shows
no evidence for a density gradient, and most molecules show little abundance
variation in that direction. Despite the "youth" of the N position, the CS/SO ratio
ho be published as Dickens, J. E., Irvine, W. M., Snell, R. L., Bergin, E. A., Schloerb, F. P.,
Pratap, P., k Miralles, M. P. 1998, in preparation.
7suggests that it is still as "old" as or older than the most evolved region in TMC-1
(the northwest end of the ridge) (Pratap et al. 1997).
2.2 Introduction
Cold dark clouds have become important testing grounds for chemical models
of the dense interstellar medium. The main reason for this is that the quiescent
clouds lack embedded sources, whose energy input to the cloud can complicate the
analysis by permitting a wider range of gas-phase reactions to occur and can cause
the release of molecules formed on grain surfaces back into the gas phase. Despite
the simpler physical properties of quiescent clouds, they do exhibit a complex
inventory and distribution of chemical constituents. Therefore, they make a good
laboratory for investigating the formation of molecules in gas-phase chemistry
models. This knowledge can then be extended to more complex regions, such as
star-forming cores and giant molecular clouds associated with high-mass star
formation. Furthermore, dark cloud cores are potential sites of future star
formation leading to solar type stars. Hence, they provide the initial boundary
conditions for the chemical abundances and physical conditions within solar-like
systems.
The abundances of molecules are predicted to vary with physical conditions,
such as temperature and density, and with the evolutionary state of the cloud
(e.g., Lee, Bettens, k Herbst 1996; Millar 1990; Graedel, Langer, k Frerking
1982). Accurate knowledge of the physical conditions is crucial to our estimation
of the chemical abundances. Comprehensive studies of the coupled relationship
between physical conditions and chemical abundances requires observations of
emission from tracers of physical conditions and from chemically interesting
species over a wide range of positions within a cloud. Such studies were done
previously by our group in the giant molecular clouds Orion, M17, and Cepheus A
8(Ungerechts et al. 1997; Bergin et al. 1997), and more recently in the dark cloud
TMC-1 (Pratap et al. 1997).
Here we present the results of our comprehensive study of the cold dark cloud
core L134N (also known as L183). This cloud core has a high galactic latitude of
36°, such that it is isolated and uncluttered by other emission along the line of
sight. At a distance of 160 parsecs (Snell 1981), it is still well within the galactic
disk and can be observed at high spatial resolution. We chose L134N in order to
investigate differences between it and physically similar clouds such as TMC-1.
Although apparently similar in kinetic temperature and density to TMC-1,
possible chemical differences between L134N and TMC-1 have been noted in
several studies. Specifically, L134N is observed to be more abundant in
oxygen-rich molecules and highly reduced species, such as NH3 and H2S, while
TMC-1 is more abundant in carbon-rich chains (Irvine 1992 and references
therein). Gradients in chemical abundances within each of these dark clouds have
also been studied, most recently by Pratap et al. (1997) and Hirahara et al. (1995)
for TMC-1 and by Swade (1989b) for L134N. The results from both studies in
TMC-1 suggested a gradient in the chemical evolutionary state along the dense
ridge, possibly resulting from a small gradient in the density. Swade (1989b)
suggested a C/0 abundance ratio gradient, caused by depletion of water onto
grains in the densest regions, to explain the chemical abundance variations seen in
L134N. However, Swade (1989b) assumed that the emission was optically thin and
that the energy levels of a given molecule were populated according to a
Boltzmann distribution at a single excitation temperature. Pratap et al. (1997)
found for TMC-1 that even some of the rarer isotopomer transitions were optically
thick for physical conditions very similar to those in L134N. A new, more
comprehensive study of L134N thus seemed useful.
9We observed 34 transitions from 14 molecular species and their isotopomers at
120 positions in L134N. Statistical equilibrmm calculations were performed to
determine the kinetic temperature (T,-) from NH3 observations and the molecular
hydrogen density {uh,) from measurements of HC3N, N2H+, and CS emission
(Section 2.4). Using these calculated temperatures and densities, column densities
and abundances relative to HCO+ and CO were determined for all observed
species in Section 2.5. We compare our results with recent chemical models
(Section 2.6) and conclude (Section 2.7) that the abundances and abundance
gradients are consistent with what is expected for an evolving molecular cloud. In
many ways, L134N is probably a more typical dark cloud than is the more
frequently studied TMC-1.
2.3 Observations
Observations were carried out between 1994 April and 1995 October utilizing
the FCRAO^ 14-m antenna equipped with the QUARRY 3x5-beam focal plane
array of receivers. An area of ~ 8.5' x 10' (RAxDEC; hereafter denoted a and 6)
was mapped at 120 locations with spacings of 50" (equal to the HPBW at 100
GHz). The map center [^(1950) = 15h51"^30^ 5(1950) = -2°43'31"] is that used
by Swade (1989a), such that the results of both studies can be compared easily.
The data were obtained by position switching to a fixed reference position
[a(1950) - 15'^50^46-% (5(1950) = -2°32'31"], which was observed to be free of
^^CO emission. The backend consisted of autocorrelation spectrometers with 1024
channels and 20 MHz bandwidth each, resulting in spectral resolution of ~0.07
km s-i at 100 GHz.
^The Five College Radio Astronomy Observatory is operated with the permission of the
Metropolitan District Commission, Commonwealth of Massachusetts and with support from the
National Science Foundation.
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The standard chopper wheel cahbration was used, placing the observations on
the Ta* scale. The main beam efficiency (r;^^), which corrects for the coupling of
the source to the antenna under the assumption that the source is uniform and fills
only the main beam of the antenna (Kutner & Ulich 1981), was estimated from
measurements of the planets made every 5 GHz between 90 and 115 GHz. Beam
sizes ranged from 45" to 59". Table 2.1 contams a list of the line frequencies and
main beam efficiencies for the molecular transitions observed.
Follow-up observations of the C^^S .7 = 2 1 and Hi3cO+ J = 1 0
transitions were made at the FCRAO 14-m antenna in 1998 May with the
SEQUOIA 4x4-beam focal plane array of receivers. Since the QUARRY and
SEQUOIA arrays have slightly different spatial configurations, the new maps were
made with 25" spacings and re-sampled onto the QUARRY grid. The data were
obtained by frequency switching ±4 MHz. The spectrometer setup and beam
efficiencies are the same as described previously.
In addition to the 3mm mapping at FCRAO, observations of the HC3N
J = 4 3, NH3 (1,1) and (2,2), and CS J = 1 ^ 0 transitions were observed at
the Haystack Observatory^ 37-m antenna during several sessions between 1995
May and 1997 July. The data were obtained by frequency switching 4.45 MHz of
the 17.8 MHz total bandwidth. The velocity resolution at 36 GHz was ~0.04
km s"^ We calculated beam efficiencies by taking total power azimuth and
elevation scans of Jupiter, Mars, and Venus and fitting for temperature and
effective beam size. We adopted brightness temperatures at 36 GHz of 152, 194,
and 466 K for Jupiter, Mars, and Venus, respectively (Greve et al. 1994). The
calculated beam efficiencies are listed in Table 2.1, and the beam sizes were
observed to be 96", 62", and 50" at 22, 36, and 49 GHz, respectively.
^Radio Astronomy at the Haystack Observatory of the Northeast Radio Observatory Corpora-
tion (NEROC) is supported by a grant from the National Science Foundation.
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Table 2.1. Transitions Observed in L134N
Species Transition
CO
.7 = 1^0
i^CO J = 1-^0
J = l->0
CS J = 1 -> O^.b
J = 2 ^ P
C^'S J = 2 ^ P
HCO+ J = 1 -> 0
J = 1-^0
N2H+ J = 1 ^ 0
CN A^ = 1 ^0,J = 3/2-^ 1/2
F = 3/2 ^ 1/2
F = 5/2 ^3/2
C2H iV = 1 ^ 0, J = 1/2 1/2
F = 1 -> 1
F = 0-^1
SO = 32 ^ 2i
Jk = 45 ^ 44
= 23 -> I2
^''SO Jk' = 32 ^ 2i
SO2 3i,3 -> 2o,2
HCN J = 1 ^ 0
Ri^CN J=1^0
HNC
.7 = 1^0
HN^^C J = l->0
CH3OH J;^- = 2/v ^ Ift- quartet:
2_i ^ l_iE
2o ^ I0A+
20 ^ loE
21 liE
HC3N J = 4 ^ 3^
J = 10 -^9
J = 12 ^ 11
CH3CCH J = 6 5:
ii: = o
= 1
K = 2
NH3 (J, 70 = (1,1)''
(J,70 = (2,2)b
/^(GHz) 71r>
'IB
115 27120'^
110.201370 n 4fi
109.782182
48 991008
97 981040 W.OVJ
96 412940 yj.ox
89 188523
86 754329 \J.OO
93 173830
113 488140
113.490982
0 55
87.402004
87.407165
99.299875 0.49
100.029627 0.49
109.252134 0.46
97.715390 0.50
104.029420 0.48
88.631847 0.54
86.340184 0.56
90.663593 0.52
87.090851 0.55
0.51
96.739390
96.741420
96.744580
96.755510
36.369224 0.57
90.979023 0.53
109.173634 0.46
0.48
102.547983
102.546023
102.540143
23.694495 0.43
23.722633 0.43
Notes: Unless otherwise noted, all data were taken at FCRAO and all frequencies
are the same as those used by Pratap et al. (1997), who list references.
^ CS and C'^'^S frequencies are taken from Kuiper, Langer, & Velusamy (1996).
^ NH3, HC3N J = 4 3 and CS J = 1 -> 0 data were taken at Haystack
Observatory.
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2.4 Physical Conditions
2.4.1 Emission Characteristics
Figure 2.1 shows integrated intensity maps of the indicated transitions from
key molecular species observed in our survey The most striking differences in the
emission patterns can be seen when comparing the C^^O, SO, N2H+, and CH3OH
maps. The C^^O emission is widespread and shows only a slight local peak west of
the central (0,0) position. Toward that same westward location, we see a
maximum in the SO emission, and we have named this the "West (W)" position
(-I'.Ol, +0'.04) and denoted it with a cross (x) on the maps. This is our closest
position to the SO peak discussed in Swade (1989a). We also note a local
maximum in the CH3OH and SO2 emission within one beam of this position.
While N2H+ has extended emission toward the W position, its distribution has a
more pronounced north-south trend, which can also be seen in HN^^C and to some
extent in HC3N. Additionally, we have marked three other positions as significant
in our study, and we will continue to refer to them throughout the manuscript.
The "North (N)" position (+0'.64, +3'. 33) is marked with a filled circle and was
chosen based on the observed local emission peaks in N2H+, NH3, HN^^C, ON, and
HC3N. Using similar criteria, we defined a "Center (C)" position (+0'.64, +0'.04),
which is the location of the strongest N2H+ emission within our region, and labeled
it with a filled triangle. The "South (S)" position (+1'.53, -3'.33) is denoted by a
filled square and was chosen mainly from the N2H+ and HN^^C maps. However,
there also seem to be local peaks in SO, SO2, CH3OH, and H2CO+. The integrated
intensity maps thus reveal two basic morphologies: a north-south pattern
represented by the carbon and nitrogen species (N2H+, HCN, HNC, HC3N, and to
some extent CN and C2H), and a lobate pattern centered around the C and W
positions represented by the sulfur and oxygen species (SO, SO2, CH3OH).
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Figure 2.1. Integrated intensity maps for selected molecular transitions toward
L134N. The (0,0) position is (15'^51"^30^ -2°43'31"). The filled square marks the
South position (S: +1'. 53, —3'. 33), the filled triangle marks the Center position
(C: +0'.64,+0'.04), the filled circle marks the North position (N: +0'.64, +3'.33),
and the "x" marks the West position (W: — I'.Ol, +0'.04), as described in the text
(Section 2.4). The maps for N2H+, C2H, CN, HC3N, H^^CN, and HN^'^C include
all hyperfine components which were within the observing band. The CH3OH map
includes emission from both the A and E species.
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Determining the connection between the physical conditions, such as density
and temperature, and the chemistry from integrated intensity maps is comphcated
by several factors. There may be structure on size scales smaller than our beam,
and there might be many of these smaller scale structures along any line of sight.
Our observations represent the beam-averaged emission. Similarly, there may be
density, temperature, and abundance gradients within any single beam. High
optical depths of some transitions will obscure the emission from deep within the
cloud, making our task of untangling the above effects even more difficult. Our
first step in analyzing this data set is thus to determine whether the emission from
these molecules comes from the same volume of gas (Section 2.4.2). We find that
this will greatly simplify our analysis, since we will not need to determine density,
temperature, and column density for different velocity components. With
knowledge of the velocity structure, we then assign a temperature (Section 2.4.3)
and density (Section 2.4.4) along each line of sight.
2.4.2 Velocity Structure
In addition to the trends seen in our maps (Figure 2.1), the maps of L134N by
Swade (1989a) reveal complex molecular emission distributions, which are
suggestive of real chemical abundance and density gradients. With such variations
in these 2D maps, it would not be surprising to find evidence for variations along a
single line of sight as well, perhaps the result of fragmentation of the molecular
cloud into cores which might emit at different velocities. In order to investigate
velocity structure in our data set, we examine velocity channel maps and line
profiles of the various molecular transitions along selected lines of sight.
Figures 2.2 2.6 show velocity maps of the integrated intensity from 2.0-3.2
km in steps of 0.2 km s"^ for C^^O, N2H+ (integrated over all hyperfine
components in the observing band), CH3OH (including both A and E species), SO
{Jk = 3-2 2i), and CS (J = 2 —> 1). For the most part, we see that the emission
15
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a Offset (')
Figure 2.2. Channel maps of the C^^O (10) emission in L134N from 2.0-3.2 km s-\
shown in 0.2 km intervals. The (0,0) position and the positions marked by
symbols are the same as in Figure 2.1.
16
o
-5
1 1 1
1
1 1 1
1
1 1 1
1
1 1 1
1
TT-T
- N2H^ 2.0-2.2 -
•
A X -
1 1 1
1
1 1 1 1 1 1 1 1 1 1 1
1
1 1 1
1
1 1 1
1
1 1 1
1
r 1 1
1
1 1 1
2.2-2.4 -
•
A X -
,1 1 1
1
1 1 1
1
1 1 1
1
I I 1
1
1 1 1
2.4-2.6 -
[ r:
2.6-2.8 -
- ^^^^^^ -
i
1 1 1 1 1 1 1 1 1 1 1 1 1 t 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2.8-3.0 -
•
A X -
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 II 1 M 1 1 1 1
3.0-3.2 -
•
A X -
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1420 -2 420 -2 420 -2
a Offset (')
Figure 2.3. Channel maps of N2H+ (10) emission with the same format as
Figure 2.2.
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Figure 2.4. Channel maps of CH3OH (2o-lo A"*") emission with the same format as
Figure 2.2.
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Figure 2.5. Channel maps of SO {Jk
Figure 2.2.
= 82 — 2i) emission with the same format as
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Figure 2.6. Channel maps of CS (2-1) emission with the same format as Figure 2.2.
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from C-0, N,H^ and CH3OH is similar m morphology to then- total integrated
intensity maps shown in Figure 2.1. Furthermore, the bulk of the emission occurs
withm the 2.4-2.6 and 2.6-2.8 km s- bins. From these observations, we conclude
that the emission from these molecules originates from a single source with
gaussian velocity distribution centered near the 2.5 km s'^ source velocity. The
C^'O emission is more extended toward lower velocities, but this is most likely the
result of its lower excitation requirements, such that it is more sensitive to
extended gas along the line of sight. The SO velocity maps, on the other hand,
show a more complex velocity structure. At the lowest velocity bin (2.0-2.2
km s-i), we see extended emission toward both the W and S positions. The
emission is widespread and fairly uniform between 2.2 and 2.6 km s^^, but the
emission becomes concentrated toward the W position at velocities > 2.8 km s'^.
The CS velocity maps show a similar extension toward this position at velocities >
2.8 km s-^
In order to determine whether we can associate this extended emission with
multiple velocity features along particular lines of sight, we have plotted the
spectra observed toward the N and W (Figure 2.7) and C and S positions
(Figure 2.8). The spectra shown in these figures are spatially averaged over a 1.5
arcminute radius around each position to improve the signal-to-noise. Most of the
spectra are gaussian shaped and centered near 2.5 km s~K However, the SO and
C^^O spectra toward the W and S positions show convincing evidence for emission
enhancement at velocities > 3 km s"^ There is even a second peak in the C^^O
spectrum at ~3.2 km s"^ in the S position. With regard to the transitions
exhibiting the strongest and most widespread emission, such as C^^O, N2H"'", and
CH3OH, the average linewidth toward all lines of sight is ~0.47 km s~^ The
HN^'^C is broadened by hyperfine components separated by 20 kHz (~0.07 km s"^).
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Figure 2.7. Spectra observed toward the N (left panel) and W (right panel) positions
(as defined in Figure 2.1 and Section 2.4) for selected transitions in Table 2.1. To
improve the signal-to-noise, we have spatially averaged 1.5 arcminute radius regions
around each position. The y-axis is presented in the Ta* scale in units of (K). The
first 5 spectra (C^^O, H^3co+, N2H+, CH3OH A+, and SO 82 - 2i) all have the
same y-scale, and the remaining spectra are magnified by a factor of 3. The scale
remains fixed from position to position in order to facilitate direct comparison. For
reference, the C^^O spectrum toward the N position has a peak antenna temperature,
Ta*=1.5 K.
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Figure 2.8. Spectra observed toward the C (left panel) and S (right panel) positions.
The format is the same as in Figure 2.7.
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Toward the C position (Figure 2.9) and the W position (Figure 2.10) we see a
double-peaked line emission profile in the CS J = 2 -> 1 spectrum, while the CS
J = 1 -> 0 and C^^s J = 2 -> 1 profiles are single-peaked. We have taken care to
use the best determined frequencies for all three CS transitions (Kuiper, Langer, &
Velusamy 1996). The C^'^S transition fines up best with the 2.5 km s'^ velocity
peak of CS and not with the dip, as would be expected for self-absorption. In
addition to having a second peak at 3.0 km s-\ the CS J = 2 ^ 1 spectrum also
appears to have a bump of emission near 3.4 km s'K Although the J = 1 ^ 0
spectrum is single-peaked at 2.5 km s-\ it is asymmetric with an extended
shoulder of emission at the higher velocities. We interpret these observations to
mean that there are two distinct velocity components centered at 2.5 and 3.0
kms-\ but we do not have the signal-to-noise to see the 3.0 km s'^ component in
C^^'S. Furthermore, especially toward the W position, we see an extended tail of
emission near 3.5 km s-\ hinting at the possibility of a third velocity component.
We see further evidence for at least two velocity components in the HCO+
spectra in Figures 2.11-2.12 for the C and W positions, respectively. The main
isotopomer HCO+ reveals extreme self-absorption at 2.5 km s~^ plus a second
velocity component at 3.0 km which is not evident in the H^^CO+ spectra.
Langer et al. (1978) reported this same result close to our S position [at (2', -4')
relative to our central position]. The channel maps of Figure 2.13-2.14 verify that
most of this higher velocity emission is located near the W position.
This velocity structure is also seen in the data of Swade (1989a). Indeed, while
most molecular emission peaks at 2.5 km s"^ Swade's spectra (Figs. 5 29) show
weak emission wings and satellite peaks centered near 3.3 km s~^ for C^^O
J = 1 ^ 0 (e.g., Fig. 6b), CS J = 2 -> 1 (Fig. 7b), Y[^^CO+ J = 1 ^ 0 (Fig. 10b),
and C3H2 2i2 loi (Fig. 16b). Similarly, Rydbeck et al. (1980) concluded that
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Velocity (km/s)
Figure 2.9. CS spectra toward the C position. The y-axis is presented in the Ta*
scale in units of (K), and the y-scale is the same for each transition with 0.2 K
between tick marks.
25
Figure 2.10. CS spectra toward the W position. The y-axis is presented in the Ta*
scale in units of (K), and the y-scale is the same for each transition with 0.2 K
between tick marks.
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Figure 2.11. H^^CO"^ and HCO+ spectra toward the C position. The y-axis is
presented in the Ta* scale in units of (K), and the y-scale is the same for each
transition with 0.2 K between tick marks.
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Figure 2.12. H^3C0+ and HCO+ spectra toward the W position. The y-axis IS
presented in the Ta* scale in units of (K), and the y-scale is the same for each
transition with 0.2 K between tick marks.
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Figure 2.13. H^-^CO"^ (l-O) channel maps with the same format as Figure
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Figure 2.14. HCO+ (10) channel maps with the same format as Figure 2.2.
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the width and shape of the SO J, = 1^ -> Q, transition toward the central
position suggested the presence of at least two velocity components.
In summary, there is evidence for at least two velocity components and possibly
a third in L134N. The main component is centered at 2.5 km s'^ and is prevalent
throughout the cloud in most molecular species. HCO+ is extremely self-absorbed
at these velocities toward the C and W positions. The second velocity component
near 3.0 km s^^ is mainly associated with the W position and can be seen in th
spectra of the most abundant species, such as C^^O, CS, SO, and HCO+. There
also a hint of a third component in the CS (2-1) spectra toward the C and W
positions, but it is not evident in the spectra of other transitions. Since the second
and third velocity components are not seen in the optically thinner transitions, we
have no handle on the optical depth or excitation of these clumps. Therefore, we
concentrate solely on the 2.5 km s'^ emission feature for the rest of our analysis
and save the other components for future investigations.
2.4.3 Temperature
As mentioned in Section 2.2, one of the goals of this project is to compare our
results with those of Pratap et al. (1997) in the dark cloud TMC-1, which requires
being as consistent as possible with their analysis. Symmetric top molecules, such
as CH3CCH and NH3, are good tracers of kinetic temperature, since radiative
transitions obey the selection rule = 0 (iiT is the component of the total
angular momentum along the molecular axis of symmetry). Hence, the different
A'-ladders are connected only through collisions, and the total population of one
/i-ladder relative to another should exhibit a thermal distribution at the kinetic
temperature of the gas along the line of sight. Pratap et al. (1997) relied primarily
on observations of the = 0, 1, and 2 ladders of the CH3CCH ,/ = 6 —)• 5
transition to obtain estimates of the kinetic temperature in TMC-1.
Unfortunately, we did not detect CH3CCH toward any positions in L134N.
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However, Pratap et al. (1997) compared their CH3CCH kinetic temperatures with
corresponding values derived from observations of the (./, A') (1, 1) and (2, 2)
rotation-inversion transitions of NH3 and found the two estimates to be consistent
within the uncertainties of the observations. Hence, we reUed on observations of
these NH3 rotation-inversion transitions toward 11 positions in L134N in order to
obtain reliable estimates of the kinetic temperature. Only upper limits are
reported for the (2, 2) line intensity at two of these positions.
Rotation temperatures are calculated using the technique described in
Bachiller, Guilloteau, k Kahane (1987). The 18 hyperfine components of the (1,1)
transition were simultaneously fit for velocity, linewidth, optical depth of the main
group of blended hyperfine transitions, and the product X = t x [T^^ - Tbg). As
pointed out by Bachiller, Guilloteau, & Kahane (1987), this last quantity has the
advantage that when the transition is optically thin, one can still obtain fit results
even though the spectrum is no longer dependent on optical depth. In the case of
the (2, 2) transition, the main group of hyperfine components is well blended and
the satellite hyperfine components are too weak (this transition is 42 K above the
ground state) to fit in the same manner as the (1, 1) transition. We merely fit a
single gaussian to the main group blend. Then, the rotation temperature is related
to the ratio of the (1,1) and (2, 2) main group integrated intensities, both of which
contain one-half the total transition line strength, by the expression given in
Bachiller, Guilloteau, & Kahane (1987). This method assumes equal excitation
among the two metastable levels. The uncertainty in the rotation temperature is
determined by propogating the fitted parameter uncertainties.
To relate the rotation temperature to a kinetic temperature, the "three-level"
statistical equilibrium model described by Walmsley k. Ungerechts (1983) was
adopted. Since the (2, 2) level is 42 K above the ground state, it can be assumed
that higher energy levels are unpopulated and that our three-level model is
appropriate for temperatures less than 40 K. Applying detailed balance and the
Boltzmann equation, Walmsley k Ungerechts (1983) derive the relationship
between rotation temperature and kmetic temperature as equation (2) in their
manuscript. Collision coefficients are taken from Danby et ai (1988). The
uncertainty in the kinetic temperature is assumed to have the same percentage
uncertainty as that for the rotation temperature determined previously. Typically,
the derived rotation and kinetic temperatures differ by only 0.2-0.3 K.
The rotation temperature and kinetic temperature results are shown in
Table 2.2. The kinetic temperature results range from 9.1±0.3 to 10.7±1.0 K
which is consistent with a uniform kinetic temperature of 10 K throughout the
cloud. All of our subsequent analyses assume that the kinetic temperature is 10 K
and does not vary with position. Swade (1989b) quotes a uniform temperature of
12 K from his analysis of the NH3 emission. Therefore, we examined the
consequence of a ±2 K change in temperature on the densities and column
densities and discuss this in Section 2.5.
2.4.4 Density
As in the case of the TMC-1 study by Pratap et al. (1997), we had hoped to
rely on multiple transition measurements of HC3N to determine H2 densities in
L134N. Unfortunately, the emission from this molecule is weaker and less widely
distributed in L134N than in TMC-1. Although the densities calculated from CS
in TMC-1 were consistently 0.3 in the log lower than that for HC3N along the
same lines of sight (Pratap et al. 1997), we were forced to use multiple transitions
of CS and its isotopomer C^'^S in order to determine densities toward L134N lines
of sight where the HC3N was undetected. This doubled the number of lines of
sight for which we could find densities and hence abundances, and it gave us data
in the southern region of the cloud. Additionally, N2H"'' was used to determine
densities, since it has widespread emission (cf. Figure 2.1) and a high dipole
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moment (cf. Table 2.3), making it sensitive to the densest gas along any Une of
sight. It also served as a way to check that all three molecules were providing a
consistent measure of the density, smce there were a sufficient number of lines of
sight with densities determined from more than one of these probes.
The determination of densities from multiple transitions was carried out using
statistical equilibrium calculations, and the effects of radiative trapping were
incorporated using the large velocity gradient (LVG) approximation for a spherical
source. The parameters for the model are kinetic temperature, H2 density,
molecular species column density, and linewidth. The radiative and collision rates
for the transitions were taken from the literature (Table 2.3). A kinetic
temperature of 10 K was assumed, based on the results in Section 2.4.3, and the
linewidths were taken from the observations.
2.4.4.1 HC3N Modeling
We observed the HC3N J = 4 -> 3, 10 9, and 12 -> 11 transitions, but did
not detect the J = 12 11 transition toward any line of sight in L134N. The
strongest emission from the other two lines was restricted to the northern region of
the cloud (cf. Figure 2.1). An important point to be made here is that these three
transitions were observed with similar beam sizes, thus eliminating effects from
different angular resolutions (see Table 2.1 for beam sizes). The J = 4 ^ 3
transition has the lowest critical density (lO'^ cm~^) and is therefore most sensitive
to lower density gas. If L134N has a core-halo structure, then we might expect to
see extended emission in the J = 4 -> 3 integrated intensity maps. This is not the
case (Figure 2.1). Furthermore, gaussian fits to the J = 4 -> 3 and 10 -> 9 lines
reveal that they have similar linewidths, centroid velocities, and line shapes.
Therefore, it is reasonable to assume that the emission originates from the same
volume of gas. If a halo does exist, it does not have high enough density to excite
the J — 4 —> 3 transition.
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Table 2.2. Kinetic Temperatures in L134N from Ammonia Observations
Offset Q Offset 5 A' T(l,l)
(arcmin) (arcmin) (K)
0.63 1.69 8.40(0.65) 3.5(0.4
1.53
-1.69 8.17(0.60) 3.0(0.4
1.53 0.04 8.88(0.49) 3.8(0.3
-0.14 0.82 7.91(0.67) 3.8(0.5
1.53 2.53 8.10(0.75) 3.6(0.6
-1.88
-0.01 1.74(0.36) 1.5(0.5
0.63 3.33 20.60(0.86) 7.4(0.5
0.63 0.04 17.49(0.83) 6.3(0.5
1.53 -2.50 9.91(0.57) 3.0(0.4
3.17 0.04 1.08(0.27) <0.3
-1.88 2.56 3.30 0.81) <0.8
Ai;(l,l)
(km s-i)
0.47(0.03)
0.33(0.02)
0.36(0.01)
0.42(0.03)
0.33(0.02)
0.56(0.09)
0.23(0.01)
0.28(0.01)
0.25(0.01)
0.49(0.10)
0.37(0.10)
(K km s
0.142(0.019)
0.139(0.019)
0.137(0.021)
0.147(0.021)
0.112(0.022)
0.069(0.019)
0.209(0.043)
0.182(0.025)
0.121(0.023)
<0.213
<0.234
-* rot Tk
(K) (K)
8.9(0.3) 9.1(0.3)
9.7(0.4) 9.9(0.4)
9.3(0.3) 9.5(0.3)
9.3(0.4) 9.6(0.4)
9.2(0.5) 9.4(0.5)
10.5(1.0) 10.8(1.0)
9.3(0.4) 9.6(0.5)
9.0(0.3) 9.2(0.3)
9.6(0.5) 9.8(0.5)
<12.4 <12.8
<10.2 <10.5
Notes: Map center (0,0) corresponds to a(1950) = 15^51"^30^ 6(1950) = -2°43'31".X = r(l, 1) X (Tex-Tbg). Optical depth, t(1, 1), obtained from hyperfine component
intensity ratios. Uncertainties are la and are included in parenthesis. Upper limits
are 3a.
Table 2.3. Molecular Dipole Moments and Collision Rate Coefficients
Species /i(D) /i Reference Colhsion Pairs Collision Rate Reference
CO 0.11 Lovas & Krupenie (1974) C0-paraH2 Flower & Launay (1985)
cs 1.96 Lovas & Krupenie (1974) CS-He Green k Chapman (1978)
HCN 2.99 Maki (1974) HCN-He Green k Thaddeus (1974)
HNC 2.99 Maki (1974) HCN-He Green k Thaddeus (1974)
CN 1.45 Thomson & Dalby (1968) CO-paraHo Flower k Launay (1985)
C2H 0.80 Tucker et al. (1974) HCN-He Green k Thaddeus (1974)
N2H+ 3.40 Green et al. (1974) N2H+-He Green (1975)
HCO+ 3.97 Botschiwina (1989) N2H+-He Green (1975)
HC3N 3.72 Lafferty et al. (1978) HCaN-He Green k Chapman (1978)
SO 1.55 Tiemann (1974) SO-H2 Green (1994)
SO2 1.63 Lovas (1985) S02-He Green (1995)
CH3CCH 0.78 Bauer et al. (1979) CH3 CCH-Ho Green (1986)
CH3OH 0.89 Lees (1973) CH3OH-H2 Menten et al. (1988)
Notes: ji is the dipole moment in Debye.
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For our statistical equilibrium model, the collision coefficients were taken for
collisions between HC3N and He (cf. Table 2.3). Since the more likely collision
partner of HC3N is H^, we scale the collision rates by the factor 2'/^ to account for
the velocity difference between and He. Gaussian line profiles were fit to the
three resolvable hyperfine components of the ,7 = 4^3 transition and to the
J = 10 9 transition. Upper limits to the emission from the J = 12 -> 11
transition were determined by assuming that it has gaussian shape with linewidth
equal to that found for the other transitions. These five measurements were used
to constrain the remaining two free parameters, H2 density and HC3N column
density, in our model. We have assumed a 15% calibration uncertainty added in
quadrature sum with the intrinsic noise in the spectra. The relative strengths of
the hyperfine components of the J = 4 ^ 3 transition provide a constraint to the
HC3N optical depth, and the J = 10 ^ 9 and 12 ^ 11 (upper limits) intensities
provide a good measure of the excitation conditions along the line of sight. This is
the same technique used in TMC-1 (Pratap et al. 1997).
For the 19 positions at which we had detections in both the ,7 = 4^3 and
10 9 (and upper limits on the J = 12 11) transitions, we used a non-linear
least-squares program which varied the density and column density to minimize
the reduced to the observed intensities. Since the density and column density
vary independently only in the case of optically thin emission, we mapped in
two dimensions and found the maximum and minimum values of density and
column density which produced a change in the minimum reduced x^ of 1 (see
Bevington k Robinson 1992; Bergin, Snell, k Goldsmith 199G). The resultant
densities are shown in Table 2.4. The optical depths derived using our model agree
with those calculated from the relative strengths of the hyperfine components.
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Table 2.4. Results from N2H+, CS, and HC,,N Density Analysis for L134N
Offset b
^
(II LI 11 1 11 1 (arcmin)
U.D.3 0.04
U.O.J 0.88
U.Oo 1.69
U.Do 2.53
U.Do 3.33
U.Do 4.17
U.D.)
—0.85
U.Do — 1.69
U.D.5
—2.50
U.Oo —4.9o
1 ^11 .00 U.U4
i .00 0.88
l.Oo 1.69
1 c;"?i .Oo 2.53
i .00 3.33
1 .00 4. 1 (
i .00 — U.OO
1 .00 - 1 .oy
i .00 —
i .00 —0.00
1 .00 /I 1 /i—4.14
A Oft
^.0 i Z.OD
2.31 0.4D
2.31 4.oi
2.31 —n niU.U i
2.31 — 11 .OU
2.31
2.31 0 ..)U
2.31 —4.20
3.17 0.04
3.17 —2.50
-0.14 0.82
-0.14 1.72
-0.14 2.56
-0.14 3.46
—0.14 4.31
-0.14 -0.02
-0.14 -0.72
-0.14 -1.56
-1.01 0.04
-1.01 0.88
-1.01 2.53
-1.01 3.33
-1.01 4.17
-1.01 -3.33
-1.88 1.73
-1.88 2.56
-1.88 -0.01
-2.66 0.04
N2H+
j0g(nH2
'og(nH2) Reduced
4.18(0.21)
4. 12(0. ,32)
4.
.34(0. 34)
4.40(0.23)
4.14(0.25)
4.27(0.26)
4.25(0.,35)
4.73(0.28)
4.41(0.31)
4.40(0.36)
4.31(0.,33)
4.70(0.25)
4.39(0.26)
4.44(0. ,35)
4.50(0.25)
4.52(0.28)
4.11(0.45)
4.29(0.49)
4.37(0.37)
5.04(0.43)
4.58(0.28)
4.75(0.45)
4.34(0.25)
4.31(0.31)
4.64(0.36)
5.06(0.34)
4. 18(0. .34)
4.46(0.45)
4.15(0.33)
CS HC3N
.'\verage
4.01(0.28) 4.12(0.17) 0.86
4.16(0.30) 4.14(0.22) 0.47
3.99(0.21) 4.09(0.18) 1.98
3.97(0.25) 4.20(0.17) 1.62
4.66(0.24) 4.38(0.09) 4.
.38(0.08) 1.56
4.33(0.07) 4. ,32(0.06) 0.96
4.21(0.29) 4.23(0.22) 0.89
4.41(0.23) 4.54(0.18) 1.03
4.41(0.31) 1.01
4. 40(0. ,36) 0.80
4.02(0.21) 4.02(0.21) 1.11
4.74(0.28) 4.74(0.28) 0.17
4.73(0.10) 4.73(0.10) 0.15
4.03(0.31) 4.16(0.22) 0.95
4.27(0.13) 4.36(0.11) 0.75
4.43(0.11) 4.42(0.10) 1.15
4.41(0.22) 4.42(0.19) 0.59
3.76(0.23) 3.76(0.23) 2.34
3.97(0.38) 4.34(0.21) 1.11
4.52(0.28) 0.57
4. ,30(0.24) 4.30(0.24) 0.60
4.11(0.45) 1.09
4.78(0.09) 4.76(0.08) 0.75
4.01(0.24) 4.12(0.20) 1.35
3.92(0.35) 3. 92(0. ,35) 2.72
4.02(0.26) 4.02(0.26) 0.44
4.02(0.27) 4.02(0.27) 0.43
5.04(0.43) 2.01
4.58(0.28) 0.37
4.75(0.45) 1.63
4.01(0.26) 4.01(0.26) 0.48
3.92(0.29) 3.92(0.29) 2.50
4.55(0.21) 4.46(0.16) 0.81
4.64(0.11) 4.61(0.10) 1.11
4.11(0.10) 4.11(0.10) 1.44
4.46(0.15) 4.46(0.15) 1.31
4.66(0.15) 4.66(0.15) 0.75
4. 64(0. .36) 1.01
4.01(0.26) 4.41(0.21) 1.51
4.77(0.15) 4.77(0.15) 0.68
4.01(0.21) 4.06(0.18) 0.96
4.01(0.25) 4.01(0.25) 1.64
4.46(0.45) 0.49
4.73(0.21) 4.56(0.18) 1.64
4.82(0.11) 4.82(0.11) 0.68
4.00(0.29) 4.00(0.29) 0.91
4.02(0.24) 4.02(0.24) 0.96
4.03(0.24) 4.03(0.24) 1.37
4.00(0.29) 4.00(0.29) 1.25
4.03(0.30) 4.03(0.30) 1.19
Notes: Offsets are from a(1950) = 15^51"'30^ (5(1950) = -2°43'31". Uncertainties
are \o and are included in parenthesis.
ee.
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2.4.4.2 N2H+ Modeling
We also model densities from the emission of the hyperfine components of the
J = 1 -> 0 transition of N2H+. We simultaneously fit gaussians to all 7 hyperfine
transitions with the constraint that they all share the same linewidth. The
collision coefficients were calculated from collisions with He (cf. Table 2.3), so w
scaled the rates by 2^2 to correct for the velocity difference between and H
The statistical equilibrium model was run as described previously in
Sections 2.4.4.1 to minimize x'- Our model assumes a filling factor of unity so that
we can determine the excitation, and hence the density, directly from the optical
depth and antenna temperature.
We detected emission from N2H+ toward 64 lines of sight in L134N. Since we
did not have observations of higher energy transitions with which to constrain the
excitation, the uncertainty in the density is larger than that for HC3N.
Furthermore, when the ratio of the hyperfine transitions is consistent with
optically thin emission, we get no information on the optical depth of this
transition, and our model finds solutions over a large range of densities. We only
quote densities for those lines of sight where the uncertainties in the density are
less than 0.5 in the log. This left us with 29 positions in L134N. The results are
shown in Table 2.4. There are 10 positions with which we also have density
estimates from HC3N. The average N2H+ density for these overlapping points is
2.2x10^^ cm-^ consistent with that for HC3N which is 2.8x10'' cm'^ Individual
points have derived values which agree to within a factor of 3 for these two probes.
2.4.4.3 CS Modeling
In order to gain density information in the southern region of L134N, we relied
on densities determined from the ,/ = 1 -> 0 and 2 —)• 1 transitions of CS,
supplemented by observations of the J = 2 —) 1 transition of the C'^'^S isotopomer.
We had detections of all three transitions toward 23 lines of sight in L134N. As
described in Section 2.4.2, the CS J = 2 1 transition contains evidence for
multiple velocity components. Therefore, we fit 2 gaussian line profiles to this
transition, with the linewidth of the 2.5 km s-^ component fixed at the value
determined from the gaussian fit to the C^^^S line, which did not have multiple
velocity components (cf. Figures 2.9-2.10). We assumed that the CS J = 1 -> 0
emission was due to a single velocity component as well. For most lines of sight,
the J = 1 -> 0 transition had a larger linewidth than the J = 2 1. This is most
likely due to the ease with which this low energy (3 K) transition can be excited.
We took the average of the J = 2 1 and 1 -> 0 linewidths to put into our
statistical equilibrium model.
We simultaneously fit the emission from the three transitions, assuming
32S/'^'^S=14 to determine the optical depth (see below), and varied the density and
column density until we minimized x^- The uncertainty in the density was
estimated in the same manner as that described in Section 2.4.4.1. Our model
deduced optical depths much greater than 1 for both of the CS transitions.
Therefore, the J = 2 -> 1 and 1 0 ratio is fairly insensitive to the density. Most
of the density information comes from the excitation temperature, which was
derived from the optical depth and antenna temperature of the CS and C^^'S
= 2 1 transitions. Therefore, as was the case for the N2H+ model, this model
assumes a filling factor of unity. We also tried a model assuming ^'^S/^^S^22, the
terrestrial ratio, but the fits were poor, as was the case for TMC-1 (Pratap at al.
1997). An isotopic ratio of 14 is consistent with the determination of this ratio
from Galactic cosmic rays (Thayer 1996), but this method has large uncertainties.
The astronomical determinations are mixed: from extensive observations of SO2 in
the Orion molecular cloud, Schloerb et al. (1983) find a ratio of 16, while the most
extensive study of the sulfur isotope ratios in Galactic star forming regions is
IS
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consistent with the terrestrial vahie (Chin et al. 1996). The ratio in dark clouds
remains uncertain. The density determinations for CS are shown in Table 2.4. For
the 11 positions for which we also derived densities from N2H+, the average
density from CS is 1.3x10^ cm-^, approximately half that of N^H^ which i.
2.4x10'^ cm-3. In comparing these positions individually, the values derived fr
these two tracers agree to within a factor of 3, with the exception of the data point
at (-0.14,-0.72) which is an order of magnitude lower for CS.
2.4.4.4 Density Summary
We have determined densities toward 50 lines of sight in L134N using
statistical equilibrium calculations for HC3N, CS, and N2H+ as our density tracers.
The average density for all lines of sight is 2.5x10'* for both HC3N and N2H+ and
1x10^ cm-'^ for CS. The only position which has densities determined for all three
probes is the N position (+0.63,+3.33), where the highest and lowest estimates are
a factor of 3 different, and the average is the same as that determined for HCsN.
The HC3N density probe is the most accurate, with typical uncertainties in the
density of a factor of 1.5. The values found using CS as the density tracer are a
factor of 2.5 times smaller than that derived for the HC3N and N2H+. This could
imply that CS is more sensitive to less dense gas along the line of sight.
Alternatively, since these averages include points where there is no overlap
between the three tracers, it could be that the gas is indeed less dense toward
positions where only CS is detected.
Although our results, particularly when combined with the TMC-1 experience
(Pratap et al. 1997), suggest that CS may yield slightly lower densities than HC3N
and N2H"'", we feel that using any one tracer in preference to another might be
biased. Therefore, we calculate a single density as the average of any of the three
tracer densities (weighted by the uncertainties) estimated toward that line of sight.
The results are shown in Table 2.4. The reduced shown in the last column is
aor
40
determined by refitting each of the observed transitions for the three n^olecules to
a model which is constrained to have the average density. To see whether our
model IS an accurate representation of the data, we have examined the distribution
of reduced For a normal distribution with 8 degrees of freedom, we expect
median reduced x' of 0.9 and fewer than 5 positions with a value less than 0.44
greater than 1.67 (Bevington k Robinson 1992). We have a median of 0.96,
with 5 points less than 0.44 and greater than 1.67. Therefore, we believe that
modeling each line of sight as a single density is an adequate representation of the
observed data.
The upper left panels of Figures 2.15 and 2.16 show a north-south and
east-west cut, respectively, (through the center of the core) of the derived
densities. There is no evidence for a density gradient in either direction, and the
average density along all lines of sight is 2.1 xlO^ cm'^ For comparison, Swade
(1989b) quotes a density of 3x10^ cm-^ from statistical equilibrium calculations of
the NH3(1, 1) rotation-inversion emission. Madden (1990) finds the same result for
multitransition observations of the cyclic molecule C3H2. Snell, Langer, & Frerking
(1982) found densities of lO"* cm"'^ from statistical equilibrium calculations with
CS. Our results are consistent with the above results. We note that on average the
density of L134N is about 3 times lower than the average density of TMC-1
(Pratap et al. 1997). The effect of density uncertainties on abundances, including
the results of multiplying the CS densities by 2.5, is discussed below in Section 2.5.
2.5 Abundances
2.5.1 Column Densities
Having determined densities and kinetic temperatures in the cloud, we now use
statistical equilibrium calculations to find the column densities of the molecular
species observed. The calculations described in Section 2.4 provide us with column
densities for HC3N, N2H"'", and CS. Since the lines of the main isotopomers may be
very optically thick, we derive column densities for Hi-^CO+, H''^CN, HN^^^^, and
Ci«0 and scale by the isotopic ratios ^^C/i^C = 64 (consistent with values
measured by Langer & Penzias 1993) and ^«0/i«0 = 500 (Wilson k Rood 1994).
We take collision coefficients and dipole moments, which w(^ use to calculate
radiative rates, from the literature (cf. Table 2.3). For the species which have no
published collision rates, we use collision cross sections computed for similar
molecules (e.g., HNC uses HCN collision rates and CN uses those for CO). For
those species which have collision coefficients computed for collisions with He, we
multiply these coefficients by 2^/2 to correct for the velocity difference between H2
and He.
We take the kinetic temperature to be 10 K (cf. Section 2.4.3) and the density
to be that found in Section 2.4.4 and summarized in Table 2.4. We calculate
column densities only for the 50 positions for which we have determined densities.
Linewidths are taken from the gaussian fits to the line emission centered about
Vlsr=2.5 km s'^ Recall from Section 2.4.2 that some species, such as CS and SO,
show evidence for multiple velocity components. We fit multiple gaussian
components to these spectra by fixing the linewidth of the 2.5 km s"^ component
to be that found for the optically thinner isotopomer. Since we know the density
for only the 2.5 km s'^ velocity component, we do not include the other emission
features in our column density determination. The only remaining free parameter
to our model is the column density, which is constrained by the observed line
intensity.
For C^^^O, Hi'^CO+, SO2, HN^'^C, and CH3OH, we vary the column density to
find the best fit to the single observed line intensity. For CH3OH, we only have
collision cross sections for the A species, so we model the .7^- = 2o —> lo-4^
transition and multiply the resulting column density by 2 under the assumption
that the A/E abundance ratio is 1. The uncertainty in the column density for
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these molecules is found by varymg the column density until the model matches
the upper and lower bounds to the uncertainty m the observed peak intensity. For
those cases where there was no detection, we fit a gaussian to the spectrum with
Vlsr and linewidth fixed at the average values of the detected lines of sight to
establish la upper limits to the intensity.
For CN, C2H, and H'^CN, we have additional information from the resolved
hyperfine components. Therefore, we fit the individual hyperfine components with
gaussian line profiles, each with the same linewidth. For those lines of sight with
no detection, we fix the position and linewidth to be the average of those lines of
sight which were detected, as done previously. Our model assumes that the
excitation temperature is the same for each hyperfine transition and that the levels
are populated according to their statistical weights. For SO, we have three
transitions and a transition of '^^SO, all of which are used to constrain the column
density. Since we have more than one observed quantity for the cases of SO, CN,
C2H, and H^^CN, the column density is found by minimizing x^, and the
uncertainties are determined by finding at what values of the column density the
reduced changes by 1 (cf. Section 2.4.4). The results of this analysis are
summarized in Tables 2.5 and 2.6 for each line of sight.
To determine the total para-NHs column density, we assume that the higher
energy metastable states J > 3 are unpopulated at kinetic temperatures of 10 K.
The nonmetastable states decay too rapidly via infrared transitions to maintain
any significant population. Therefore, we merely add up the column density
contribution from the (1, 1) and (2,2) levels. We have already determined the
optical depth of the (1, 1) transition in Section 2.4.3, and this quantity is directly
related to the column density in the upper level (Mangum, Wootten, & Mundy
1992). For those transitions that are optically thin, including all of the (2,2)
transitions, we use the expression in Bachiller, Guilloteau, & Kahane (1987), which
43
Table 2.5. Molecular Column Densities of Carbon k Sulfur Species in L134N
Offset Offset H^^CO+ c^«o CS CH3OH C2H so S02
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
0.63
1.53
1.53
1.53
1.53
1.53
1.53
1.53
1.53
1.53
1.53
1.53
1.53
2.31
2.31
2.31
2.31
2.31
2.31
2.31
2.31
3.17
3.17
-0.14
-0.14
-0.14
-0.14
-0.14
-0.14
-0.14
-0.14
-1.01
-1.01
-1.01
-1.01
-1.01
-1.01
-1.88
-1.88
-1.88
-2.66
0.04
0.88
1.69
2.53
3.33
4.17
-0.85
-1.69
-2.50
-4.98
0.04
0.88
1.69
2.53
3.33
4.17
-0.85
-1.69
-2.50
-3.33
-4.14
-4.98
2.56
3.46
4.31
-0.01
-1.56
-2.46
-3.30
-4.20
0.04
-2.50
0.82
1.72
2.56
3.46
4.31
-0.02
-0.72
-1.56
0.04
0.88
2.53
3.33
4.17
-3.33
1.73
2.56
-0.01
0.04
12.66(0.06
12.71(0.05
12.58(0.06
12.44(0.07
12.22(0.06
12.13(0.07
12.45(0.06
12.08(0.08
12.08(0.11
12.37(0.08
12.64(0.06
11.98(0.06
12.05(0.05
12.45(0.07
12.14(0.08
12.02(0.09
12.18(0.07
12.84(0.06
12.32(0,06
12.21(0.07
12.51(0.06
12.60(0.07
11.65(0.10
12.08(0.14
12.23(0.14
12.41(0.10
12.48(0.11
11.69(0.08
12.15(0.07
11.87(0.09
<12.32
12.39(0.16
12.35(0.05
12.15(0.06
12.63(0.06
12.18(0.08
11.87(0.08
12.11(0.05
12.17(0.07
11.82(0.06
12.66(0.06
12.67(0.06
12.24(0.06
11.96(0.08
11.66(0.09
12.45(0.12
12.17(0.16
12.37(0.14
12.77(0.08
12.36(0.15
15.40(0.03)
15.30(0.04)
15.32(0.02)
15.19(0.03)
15.27(0.03)
15.19(0.03)
15. ,32(0.03)
15.26(0.03)
15.22(0.04)
15.17(0.05)
15.40(0.03)
15.50(0.03)
15.37(0.03)
15,
.33(0.03)
15,24(0,03)
15.15(0,04)
15.42(0.03)
15.26(0.03)
15.30(0.03)
15.22(0.04)
15.12(0.04)
15.11(0.04)
15.28(0.03)
15.20(0.03)
15.12(0.03)
15.37(0.03)
15.39(0,03)
15.31(0.04)
15.17(0.03)
15.09(0.04)
15.42(0.02)
15.40(0.04)
15.39(0,02)
15.44(0.03)
15.40(0.03)
15.31(0.03)
15.15(0.03)
15.48(0.02)
15.32(0.04)
15.35(0.04)
15.47(0.03)
15.28(0.03)
15.29(0.03)
15.30(0.03)
15.19(0.03)
15.25(0.04)
15.32(0.03)
15.16(0.03)
15.44(0,03)
15.38(0.03)
13.52(0.02
13.16(0.04
13.20(0.03
13.18(0.05
13.15(0.03
13.23(0.04
13.43(0.03
12.92(0.03
12.67(0.08
13.08(0.06
13.65(0.04
12.49(0.06
13,00(0.05
13,69(0.02
13,22(0.05
13,15(0,04
13,22(0.08
13,67(0.07
13,14(0.03
12.82(0,06
13.12(0,02
13.19(0.13
12.96(0.07
13.44(0.05
13.96(0,08
13.60(0.03
13.64(0.03
12.38(0,12
12.69(0.09
12,88(0.05
13,39(0.02
13,25(0.07
13.05(0.04
12.87(0.04
13.29(0.04
13.14(0.03
12.89(0.04
12.87(0.05
13.18(0.03
12.85(0.07
13.37(0.03
13.60(0.03
13.26(0.03
13.09(0.06
12.63(0.04
13.19(0.06
13.74(0.02
13.66(0.02
13.32(0.03
13.69(0.03
13.93
13.76
13.88
13,77
13,53i
13.341
13.881
13.62i
13.49i
I3.5O1
13.93i
13.98
13.88
13.65
13.51
13.46
14.05
13.70
13.58
13.72
13.58
13.60
13.64
13.22
<13.08
13.74
13.53
13,61
13.52
13,74
13,26
13.45
13.73
13.90
13.70
13.61
13.32
13,81
13.87
13.66
13.82i
13.741
13,86
13.52
13.23i
13.31
13.61
13.39
13.85
13.71
0.04
0.05
0.04
0,04
0,06
0.08
0.05
0.07
0.06
0.07
0.04
0.04
0.04
0,05
0.07
0.07
0.04
0.05
0.06
0.05
0,07
0.05
0.06
0.10
0.05
0.07
0.06
0,07
0.05
0.10
0.06
0.05
0.05
0.05
0,06
0,14
0,05
0.04
0.07
0.04
0.05
0.05
0.07
0.10
0.10
0.06
0.07
0.04
0.06
<13.71
<13.61
13.64(0.09)
13.59(0.09)
13.88(0.08)
13.73(0.11)
<13.78
<13.58
13.57(0.10)
<13.35
13.72(0.10)
13.58(0.11)
<13.69
13.74(0.09)
13.74(0.09)
13.73(0,11)
<13.68
13.80(0.10)
<13.44
< 13.24
<13,48
13.73(0.11)
13.64(0.12)
13.86(0,09)
13.76(0.11)
13.72(0.12)
13.77(0.09)
<13.60
13.80(0.11)
<13.45
<13.57
13.68(0.10)
13.52(0.11)
13,56(0.13)
13,75(0.10)
13.63(0.10)
13.58(0.10)
13.55(0.10)
13.78(0.10)
13.52(0.12)
13.60(0.09)
13.74(0.08)
13.59(0.10)
<13.40
13.67(0.10)
< 13.46
13.51(0.10)
13.65(0.12)
<13.74
13„59(0.13)
14.44(0.04
14.20(0.04
14.32(0.03
13.88(0.04
13.62(0.05
13.51(0.06
14.18(0.03
13.69(0.03
13.91(0.05
13.86(0.05
14.45(0.04
13.56(0.03
13.66(0.03
13.93(0.05
13.31(0.10
13.06(0.10
13.79(0.04
14.30(0.07
13.74(0.05
13.66(0.05
14.18(0.04
14.22(0.05
12.92(0.05
13.46(0.08
13.79(0.06
14.39(0.03
14.29(0.04
13.33(0.04
13.66(0.04
13.70(0.04
14.08(0.04
14.21(0.04
13.88(0.03
13.68(0.03
14.21(0.04
13.56(0.04
12.92(0.08
13.85(0.03
14.06(0.04
13.57(0.03
14.61(0.03
14.52(0.03
13.90(0.03
13.46(0.05
12.86(0.07
14.35(0.04
14.43(0.03
14.24(0.03
14.70(0.03
14.36(0.04
14.06(0,11)
13.96(0.10)
13.72(0.13)
<13.47
<13.16
< 13.26
13.76(0.11)
13.29(0.15)
13.37(0.15)
<13.33
14.04(0.12)
13.28(0,13)
<13.07
<13.21
13.53(0.16)
<13,50
13.68(0.12)
14.08(0,15)
<13.22
13.66(0.10)
13.71(0.12)
<13.70
<13.31
<13.48
<14.49
<13.91
<13.37
<12.84
<13.25
13.20(0.14)
<13.36
<13.67
13.68(0.12)
13.30(0.17)
<13.81
13.45(0.14)
<13.20
13.33(0.17)
<13.46
<13.34
14.36(0.07)
14.20(0.11)
<13.42
< 13.56
<13.10
<13.48
<13.92
<13.95
14.56(0.06)
13.96(0,15)
Notes: Offsets are relative to a(1950) = 15h51'"30^ J(1950) = -2°43'31". The
values given are the log of the column density. The numbers for CH3OH are twice the
column densities obtained for the A species. Uncertainties are la and are included
in parenthesis. Upper limits are 3a.
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Table 2.6. Molecular Column Densities of Nitrogen-bearing Species in L134N
Offset wiiset N2H +
q(') <5(')
0.63 0.04 13.13(0.02)
0.63 0.88 13.03(0.02)
0.63 1.69 12.87(0.02)
0.63 2.53 12.89(0.02)
0.63 3.33 12.84(0.02)
0.63 4.17 12.66(0.02)
0.63 -0.85 12.93(0.03)
0.63 -1.69 12.63(0.02)
0.63 -2.50 12.
.53(0. 02)
0.63 -4.98 12.43(0.03)
1.53 0.04 12.67(0.03)
1.53 0.88 12.42(0.03)
1.53 1.69 12.46(0.03)
1.53 2.53 12.79(0.02)
1.53 3.33 12.66(0.02)
1.53 4.17 12.54(0.02)
1.53 -0.85 12.60(0.02)
1.53 -1.69 12.97(0.03)
1.53 -2.50 12.69(0.02)
1.53 -3.33 12.61(0.02)
1.53 -4.14 12.66(0.02)
1.53 -4.98 12.57(0.03)
2.31 2.56 12.20(0.03)
2.31 3.46 12.54(0.03)
2.31 4.31 12.60(0.03)
2.31 -0.01 12.35(0.04)
2.31 - 1 .56 12.58(0.03)
2.31 -2.46 12.41(0.02)
2.31 -3.30 12.54(0.02)
2.31 -4.20 12.49(0.02)
3.17 0.04 < 12.26
3.17 -2.50 12.39(0.04)
—0.14 0.82 12.76(0.02)
—0.14 1.72 12.58(0.02)
-0.14 2.56 12.83(0.02)
—0.14 3.46 12.67(0.03)
—0.14 4.31 12.26(0.04)
—0.14 —0.02 12.73(0.02)
— U. 14 —0.72 12.66(0.02)
-0.14 -1.56 12.22(0.03)
-1.01 0.04 12.85(0.02)
-1.01 0.88 12.69(0.03)
-I.Ol 2.53 12.49(0.03)
-1.01 3..33 12.45(0.03)
-1.01 4.17 12.27(0.03)
-1.01 -3..33 <11.95
-1.88 1.73 12.47(0.04)
-1.88 2.56 12.44(0.04)
-1.88 -0.01 12.79(0.02)
-2.66 0.04 12.52(0.03)
CN HC3N
<13.18
12.91(0.09)
<13.04
13.11(0.09)
12.99(0.11)
13.12(0.09)
< 13.22
13.07(0.09)
13.03(0.09)
12.73
13.37(0.09)
12.92(0.10)
<12.91
13.29(0.09)
13.19(0.09)
13.11(0.10)
<12.94
13.54(0.11)
13.12
< 13.02
13.18(0.08)
< 13.29
<12.89
<13.06
13.45(0.11)
<13.12
<13.12
< 12.59
< 12.83
12.93(0.10)
<13.26
13.41(0.11)
13.07(0.11)
<12.30
<13.05
13.13(0.08)
13.02(0.09)
13.05(0.08)
13.06(0.10)
12.79(0.12)
< 13.23
13.31(0.10)
<13.01
12.98(0.11)
<12.75
<12.77
13.40(0.09)
13.11(0.12)
<13.06
<13.28
13.22(0.08
13.20(0.09
13.14(0.07
13.06(0.06
13.11(0.01
13.16(0.01
13.02(0.06
12.58(0.08
12.68(0.12
12.68(0.13
13.24(0.09
12..38(0.05
12.62(0.04
13.28(0.05
12.89(0.01
12.96(0.01
12.52(0.04
12.74(0.03
12.74(0.12
12.67(0.10
12.85(0.17
13.08(0.17
12.56(0.04
12.58(0.04
12.56(0.05
13.11(0.09
13.11(0.14
12.29(0.12
12.57(0.12
12.34(0.12
13.26(0.15
13.22(0.10
12.56(0.01
12.55(0.03
12.61(0.03
12.65(0.02
12.58(0.04
12.78(0.05
13.06(0.05
12.55(0.04
13.20(0.10
13.09(0.11
12.63(0.13
12.49(0.04
12.49(0.04
12.40(0.21
13.19(0.10
13.21(0.10
13.18(0.10
13.13(0.12
NH3
) < 12.62 13.33(0.07) lO.Url^U.UZ
)
) 12.71(0.12) 13.10(0.10) 14.99(0.02)
) < 12.75 13 33(0 09') 1 ,1 OH/'n n 1 ^
) 12.66(0.11) 13 13(0 10^ 1 A Q')(r\ (V) \
) <12.47 12.91(0.10) 1 ij .Kj^y u . uz 1
) < 12.39 12.78(0.15) i'J.UU^U.Uo
)
) <12.51 13.19(0.09)
) 12.31(0.12) 12.57(0.16) 14.93(0.06)
) <12.27 14.93(0.06)
) <12.17 14.93(0.06)
) <12.61 14.93(0.06)
1 <11.76 1 0 en 1 1\ M. 88(0. 06)
) <12.16 19 ?4(n 191 14. ( 1 (0.07)
) < 12.57 13.21(0.08)
1 < 12.48 13 n Hn r\Q\
) < 12.34 12 65(0 141
) < 12.48 12.75(0.12) 14 Q^(f\ 04
^
\ < 13.02 1 3 47(0 1 91 1 ,1 7fi^n n 1 ^14. (0(0. U4j
) 12.42(0.11) 1 2 73(0 1 1
1
1 i 7C\fr\ n'j\14
.
/ U^^U.Uo
)
) <12.17 12.52(0.11)
) < 12.39 < 12.56
) <12.39 <12.39
) < 12.04 <12.21
) <12.56 <13.44
) <12.70 <12.13
) < 12.69 <12.65 14.73(0.10)
) <12.41 < 12.72
) <11.70 12.17(0.12)
) <12.,55 12.46(0.15)
) <12.15 <12.19
) <12.55 <12.66 <14.45
) <11.99 12.92(0.16)
) 12.40(0.12) 12.66(0.14) 14.94(0.04)
) <12.10 <12.05 14.73(0.07)
) <12.68 <12.98 14.80(0.06)
) 12.50(0.09) 12.70(0.12) 14.67(0.08)
12.35(0.09) 12.44(0.14)
< 12.46 12.77(0.10) 14.88(0.04)
12.44(0.10) 12.59(0.14) 14.64(0.06)
12.28(0.12) <12.31 14.76(0.10)
<12.55 <13.12 14.61(0.05)
<12.55 13.06(0.15) 14.79(0.09)
<11.40 < 12.43
<12.16 <12.18
<11.80 <12.13
< 12.30 <12.15
< 12.66 <12.41
<12.15 < 12.64 <14.61
<12.66 < 12.53 14.55(0.10)
< 12.22 < 12.70
Notes: Offsets are relative to a(1950) = 15^5r"30^ (5(1950) = -2°43'31". The
values given are the log of the column density. The numbers for NH3 assume an
ortho/para ratio of 3. Uncertainties are la and are included in parenthesis. Upper
limits are 3a.
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relates the integrated intensity to the upper-level column density. In our c:as(>, less
than 3% of the total para-ammonia column density is contributed by the (2, 2)
level. To relate the para-NH3 column density to the total ammonia column
density, we need to make some assumption about the ortho/para ratio. The 3
identical spin-1/2 hydrogen nuclei result in the ortho species having 2 times the
nuclear degeneracy of the para species. However, there are twice as many para as
ortho states, such that if NH3 molecules formed in thermal equilibrium at high
temperature, we would expect an ortho/para ratio of unity (Townes k Schawlow
1975). If there exists some mechanism for spin interconversion and equilibration of
the ortho/para ratio at low temperatures, most of the molecules will be formed in
the ground (ortho) state and exhibit an ortho/para ratio of ~ 3 at 10 K (Kuiper et
al. 1995). Observationally it is difficult to determine the ortho/para ratio for dark
clouds since the (3,3) level (ortho) is unpopulated at kinetic temperatures of 10 K.
Hence, we make the same assumption as Swade (1989b) and Rydbeck et al. (1977)
in L134N and Pratap et al. (1997) in TMC-1, namely that the ortho/para
abundance ratio for ammonia is 3. The average NH3 column density found in our
study is 8x10^'^ cm^^^ varying only by about a factor of 2 with position. Our value
is similar to that found by Swade (1989b) of 2.6-9.0x10^'* cm'^.
Just as the case for TMC-1 (Pratap et al. 1997) our model results suggest that
even some of the rarer isotopomer transitions are optically thick for the
temperature and densities in L134N. For instance, the optical depths for H*^CO+,
H^^CN, and HN^^C vary between 2-10 for those positions at which these species
were detected. Even C^^'S, C^^O, the strongest hyperfine component of C2H and
CN, and the weakest hyperfine component of N2H+ have moderate optical depths
of about 0.5 toward most lines of sight. A notable exception is the CH3OH
2o lo A"^ transition, which is optically thin toward every line of sight. Most
transitions have excitation temperatures which are between 3 and 5 K, due in part
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to the large dipole moments for many of the species. C^^O and CH3OH are
thermalized at an excitation temperature of 10 K, and the J = 4 3 transition of
HC3N has excitation temperatures between 7-9 K.
We want to compare our results with the previous study in L134N by Swade
(1989a,b). Although we do not observe exactly the same positions as Swade, we
may compare with his data for positions which are closest to our own. In general,
the column densities that we derive (cf. Tables 2.5 and 2.6) are larger, by a factor
of 2-3 for C^«0, HC3N, and N^H^ and by nearly an order of magnitude
for SO, SO2, H^^cN, and HN^^C, than those reported in Swade (1989b), despite
similar observed line intensities (Swade 1989a). Therefore, the discrepancies in the
column densities must be related to either the excitation or optical depth. Swade
assumed that the energy levels for a particular species were populated according to
the Boltzmann relation at an excitation temperature of 5 K (except for CO which
he assumed had an excitation temperature of 9 K), resulting in fractional
populations of the upper levels of most transitions which are within 30% of that
same quantity derived in our model. However, by assuming optically thin
emission, Swade underestimated the column densities by an amount proportional
to the optical depths found in our study.
The uncertainties quoted in Tables 2.5 and 2.6 are due solely to the rms errors
in the measured line intensities. Other sources of error include calibration and
errors from the derivation of the density and temperature. We investigated a
change in the column density caused by a change in the density of a factor of 2.
This is the typical la uncertainty of our densities listed in Table 2.4. This resulted
in percentage changes on the column densities of order of 40-50% for CN, C2H,
and N2H"'". This number jumped to 70-90% for the remaining molecules, with the
exception of CO and CH3OH, which changed by only 5-10%. Both of these
molecules are thermalized and their excitation is changing very little at these
uiiin
a
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densities. With the exception of CO, larger densities resulted in smaller col
densities. We also examined the effect of increasing the CS-derived densities by
factor of 2.5, based on the findings from Section 2.4.4.4. For those lines of sight
which included CS density determinations, the column densities decreased by
60-70% for CN, C2H, and N2H+, decreased by 10-15% for CH3OH, increased by
10-15% for CO, and decreased by 110-150% for the remaining molecules.
A change in the temperature by ±2 K from the nominal value of 10 K
produced changes in the column density on the order of 10-20%. The largest
variation was seen for HC.3N at 40-50%. Except for CO, higher temperatures
resulted in larger column densities. An important point to keep in mind is that a
change in the temperature would require a corresponding change in the density in
our model. When these two parameters are allowed to change in a consistent
manner, the uncertainties quoted above decrease, and CO and CHgOH are hardly
changed at all.
2.5.2 Relative Abundances
We follow the example of Pratap et al. (1997) in expressing molecular
abundances relative to HCO+. The reason for adopting such a scale rather than
comparing to CO was that for TMC-1, the C^^O emission did not appear to come
from the same volume of gas as the emission seen in the other species. Using
HCO"*" as the fiducial molecule has the advantage that it has similar excitation
requirements as other species in the survey, plus it has a simple chemistry that is
directly related to CO (Millar, Farquhar, & Willacy 1997). Therefore, like CO, its
abundance varies only slightly with time after about 10"* years. By expressing our
abundances relative to HCO"*", we make the comparison with TMC-1 much easier.
We have determined, however, that in L134N, the C^^O does not suffer from the
same problem as in TMC-1 in that its line profile is fairly gaussian and centered
around Vl5«=2.5 km s"^ similar to that for other molecules. Therefore, we derive
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abundances relative to CO as well. In Table 2.7, we bst the abundances relative to
HCO+ for the N, C, S, and W positions, derived from spectra that were spatially
averaged over a 1.5 arcminute radius around each position, along with a global
average for TMC-1 (Pratap et al. 1997). In Table 2.8, we list the abundances
derived in our model relative to CO for the N, C, S, and W positions in L134N.
Since in general for quiescent clouds, the CO/H2 ratio is thought to be of order
10-4 (assuming C^^O/H^
-1.7x10"^ and '^O/'^O = 500; Frerking, Langer, &
Wilson 1982), approximate fractional abundances with respect to H2 can be
obtained by multiplying the values in Table 2.8 by this factor.
For these relative abundances, we have investigated sources of uncertainty due
to calibration and errors associated with the determination of density and
temperature. Calibration errors are small since our data was taken with the same
telescope over a narrow range of frequencies. In this way, our beam sizes and
receiver response are similar. Additionally, uncertainties due to the determination
of density and temperature will be less for the case of relative abundances, since
most of the species behave in a similar manner with respect to changes in these
quantities. Following the procedure outlined in Section 2.5.1, we estimate that a
change in the density by a factor of 2 results in a change in the abundance relative
to HCO+ of 2-10% for the all species other than CO and CH3OH, which were
shown in Section 2.5.1 to behave less similarly to HCO+. CO and CH3OH changed
by as much as 30%. Similarly, a change in the kinetic temperature by ±2 K
produced uncertainties on the order 2-10%, with the largest change of 20% seen
for HC3N.
2.6 Discussion
2.6.1 Abundance Variations
Figure 2.15 shows log-plots of abundances relative to HCO"'" along a
north-south cut which includes the N, C, and S positions. In a similar fashion,
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Table 2.7. Abundances Relative to HCO+ in L134N
Species Pogi^.Q^
N TMC-1 Model
CS 0.138(0.012) 0.124(0.006 0.100 0.013 a fo 0 004 o fo 0 ?N.H^ 0.058(0.005) 0.077(0.004) 0.060 0.007 0.031 0 002 0 0 3 0007NH3 7.565(0.810) 7.635(0.722) 9.127 1.104 4 284 0 621 2 770 9 ,11CH3OH 0.311(0.028) 0.641(0.029) 0.579 0.072 a' a 0 0C-2H 0.333(0.033) 0.288(0.021) <0.224 0 171 0 023 0 300 OnCN 0.069(0.010) 0.061(0.005) <0.066 <o:i45 ^ ^ 0 0HC3N 0.073(0.006) 0.054(0.003) 0.034(0.006) 0.030(0.002) 0.150 007HCN 0.968(0.123) 0.925(0.103) <0.869 0.555 0.070 0.490 042^HNC 3.963(0.386) 3.251(0.221) 1.954(0.321) 1.324 0.129 1.680 0677SO 0.264(0.024) 0.719(0.032) 0.738(0.090) 0.716(0.041) 0.130 0 273
<0-134 0.323(0.029) 0.283(0.045) 0.424(0.031) • 0 052
Notes: The values are calculated from spectra averaged over 1.'5 in radius around
each position. Uncertainties are la and are included in parenthesis. Upper limits
are 3a. We use the notation e3=10\
Table 2.8. Abundances Relative to CO in L134N
Species Position
N C S W
HCO+ 1.40(0. 12)e-4 9.32(0. 41)e-5 8.08(0.98)6-5 1.19(0.07)6-4
CS 1.94(0.04)e-5 1.16(0.02)e-5 8.09(0.38)6-6 8.26(0.23)6-6
N2H+ 8.05(0.24)6-6 7.21(0.21)e-6 4.83(0.16)6-6 3.65(0.11)6-6
NH3 1.07(0.11)e-3 6.94(0.66)e-4 7.61(0.92)6-4 5.10(0.74)6-4
CH3OH 4.36(0. 14)e-5 5.97(0.12)e-5 4.68(0.17)e-5 5.07(0.12)6-5
C2H 4.66(0.22)e-5 2.69(0.15)e-5 <1.81e-5 2.04(0.24)6-5
CN 9.62(1.08)e-6 5.66(0.43)e-6 <5.33e-6 <5.3l6-6
HC3N 1.02(0.02)e-5 5.05(0.23)e-6 5.15(0.31)6-6 3.61(0.19)6-6
HCN 1.36(0.12)e-4 8.61(0.88)e-5 <7.02e-5 6.60(0.73)6-5
HNC 5.55(0.25)e-4 3.03(0.16)6-4 1.58(0.17)6-4 1.58(0.12)6-4
SO 3.70(0.10)e-5 6.70(0.13)6-5 5.96(0.18)e-5 8.51(0.16)6-5
SO2 <1.88e-5 3.01(0.23)6-5 2.29(0.22)6-5 5.05(0.24)6-5
Notes: The values are calculated from spectra averaged over 1.'5 in radius around
each position. Uncertainties are la and are included in parenthesis. Upper limits
are 3a. We use the notation e3=10"^.
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Figure 2.16 displays the abundances relative to HCO+ along an east-west cut
which includes the C and W positions. In each of these figures, the corresponding
molecular hydrogen densities (upper left panel) and HCO+ column densities
(upper right panel) are plotted for comparison. There are many upper limits
(downward-facing arrows) for molecules like SO2, C2H, CN, HCN, and HNC, but
we still see abundance variations in these molecules which are just as significant as
the variations in other molecules. The largest variations are seen for CS, CN, C2H,
and HC3N, which have nearly an order of magnitude difference between their
highest and lowest abundance values. Smaller but still significant variations are
evident for N2H+ and NH3, especially in the east-west direction, where both of
these molecules decrease in abundance relative to the center. The abundance
variations are generally only a factor of 2-3 for CH3OH, SO, SO2, HCN, and HNC,
although some larger differences might be obscured where we have only upper
limits. Most of the change in HCN and HNC occurs in the south, where the
abundances drop by as much as a factor of 3 compared to the north. We also see
that SO and SO2 abundances are larger along the east-west rather than the
north-south cut.
Some of these trends are systematic, the most prominent being approximately
a 5-fold decrease in the abundances of HC3N, CN, C2H, and CS from north to
south. At the same time, SO and SO2 abundances are lower in the north than
toward the center of the cloud. In order to emphasize these trends, we plot in
Figure 2.17 a north-south cut of the abundance ratios of HC3N/SO, CS/SO,
CN/SO, C2H/SO, and HC3N/SO2. We begin to see that the north region is
somewhat special. Compared to the remainder of the L134N positions, it is the
region which contains the highest abundances (relative to HCO"*") of CS, CN, C2H,
and HC3N, and the lowest abundances of SO and SO2.
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Figure 2.15. North-South cut through cloud center showing density in the upper
left panel and HCO"^ column density in the upper right panel. The rest of the
panels show the abundance of the indicated molecule relative to HCO"^ (derived
from H^'^CO"'"). The error bars are la, and the downward pointing arrows denote
upper limits. The (0,0) position is as noted in Figure 2.1.
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In comparing our results with Swade (1989b) for L134N, we find similarities as
well as differences to the trends that he noted. For mstance, we do not see peaks
in the abundances of molecules Hke HC3N, HCN, and HNC in both the north and
the center as described by Swade. Instead, we see a peak in the north followed by
a rapid decline in the abundances relative to HCO+ for HC3N as we move from the
north to the center. This could be related to an observed peak in the HCO+
column density toward the center (cf. Figure 2.15), but even the abundances
relative to CO (cf. Table 2.8) show a factor of 2 decrease for HC3N from the N to
the C position. The values for HCN and HNC drop as well from the north to the
center, but by a smaller amount. Additionally, the CS abundances relative to both
HCO+ and CO peak in the north, while Swade found a peak toward the center
only. Our results agree with those of Swade (1989b) for SO and SO2, which are
seen to peak in the W position and are weak or undetected toward the N position.
Similarly, we confirm that N2H+ and NH3 have abundances relative to CO that are
nearly as strong at both the N and C positions. Our differences compared to
Swade are probably due to the fact the he did not make any correction for the
significant optical depths of some of these transitions.
2.6.2 Comparison with TMC-1
Several molecular species have only upper limits at our representative positions
N, C, S, and W. Therefore, for abundance comparisons with TMC-1, we rely on
the 1.5 arcminute radius averaged abundances relative to HCO+ that are shown in
Table 2.7. Examination of the derived averaged abundances reveals that we see the
same trends that were noted at higher angular resolution in the previous section.
However, the smoothed data tend to show enhanced abundances relative to HCO"*"
for most species at the C position. In Table 2.7, we also list the global average
abundances for TMC-1 reported by Pratap et al. 1997. TMC-1 shows higher
abundances than all 4 L134N positions (N, C, S, and W) in CS and HC3N, by
55
factors of 2 to 5, while L134N is more abundant with regard to SO and CH3OH by
similar factors. Also, N,H^ NH3, HCN, and HNC in the L134N N and C positions
appear to have larger abundances relative to HCO+ than the TMC-1 average. No
values were reported for SO^ in TMC-1, and CN and C^H appear to be equally
abundant (on average) in TMC-1 and L134N.
Friberg et al. (1988) found CH3OH to be equally abundant in TMC-1 and
L134N, whereas we find a higher average abundance in L134N. Those authors
derived (as did we) that CH3OH was optically thin and thermalized at 10 K in
L134N, resulting in an abundance relative to H2 of 2x10-9. By converting our
CH3OH abundances relative to CO into abundances relative to H2 (by multiplying
by 10-4), we derive a value of -6x10-^ at the C position. Part of the difference
between our results and those of Friberg et al. (1988) is related to our assumption
that the E/A ratio is unity, while those authors derived E/A=0.69. Correcting for
this factor brings our agreement to within a factor of 2. Observationally, the
integrated intensity reported by Friberg et al. (1988) toward the (0,0) position in
L134N is smaller than our value, but only by about 20%.
2.6.3 Chemical Model
One of the goals of this project was to compare our results with current
time-dependent chemical models. As a first step in this process, we began with the
chemical model presented for TMC-1 (cf. Pratap et al. 1997), which was adapted
from the model described in Bergin, Langer, & Goldsmith (1995) to ignore eff"ects
related to grains. The chemistry model was calculated for L134N using the average
molecular hydrogen density and kinetic temperature derived in Section 2.4 (riHa =
2.1 xlO^ cm-3 and Tk = 10 K).
There has been considerable discussion very recently concerning the branching
ratio for the principle reaction producing HCN and HNC, dissociative electron
recombination of HCNH"*". There are no laboratory measurements, and the
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standard values used for interstellar chemistry assume that the products are
formed in the ratio HCN:HNC:CN equal to 0.25:0.25:0.5 (Herbst 1978). When
using these branching ratios in our model, HCN and HNC were underproduced by
a factor of 10, while CN was overproduced by just as nuu h at the time whic h best
matches the majority of the other species. Recent quantum mechanical calculations
(Shiba et al. 1998) and observations in the interstellar medium (Hirota et al. 1998)
suggest that the branching ratios could be more like 0.6 to HNC, 0.4 to HCN, and
none to CN. Irvine et al. (1998) found that their chemical model of the HNC/HCN
ratio in Comet Hale-Bopp required similar branching ratios. In fact, in looking at
Figure 14 in Pratap et al. (1997), we see that HCN and HNC are underproduced
by the model while CN is overproduced. Therefore, in our model, we have adopted
the branching ratios HCN:HNC:CN equal to 0.4:0.6:0.0. At the time in our model
which best matches the majority of the species, CN is still overproduced, but the
abundances for HCN and HNC are in better agreement with the observed values.
The results of the chemistry model are shown in Figure 2.18, which plots in
log-space the species abundance relative to HCO+ as a function of time. Molecules
such as CS, HC3N, HCN, HNC, CN, C2H, and CH3OH are more abundant early in
the chemical evolutionary stages of the cloud and are therefore called "early"
species. SO and SO2 do not begin to be produced in large amounts until > 10^
years, so we call them "late" species. We have included horizontal lines which are
representative of the abundances at the N (solid line) and W (dotted line)
positions as they are listed in Table 2.7 (i.e., these are spatially smoothed averages
over 1.5 arcminute radius). This model does a fair job of reproducing the observed
average abundances for a time near 2x10^ years, so we have included model
abundances relative to HCO+ at this time in the last column of Table 2.7. Most
species agree to within a factor of 2 3 for this time step in the model. The notable
exceptions are that NH3 and HNC are observationally determined to be more
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Figure 2.18. The chemistry model described in Section 2.6.3 is presented in
log-space, showing abundance relative to HCO+ versus time for the molecule listed
in each panel. The y-axis scale is the same for every molecule, other than for CO
whose scale is labeled. The solid line is the observed value at the N position and
the dotted line is the observed value at the W position, as presented in Table 2.7.
Upper limits for SO2 and CN are indicated with downward pointing arrows.
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abundant than the model at the N and C positions by the factor 3 and G,
respectively. Also, the abundances relative to HCO+ for SO,, CS, and CN are best
matched with the model at later times.
Comparing our results to those reported in the new standard chemical model
of Lee, Bettens, & Herbst (1996) for a temperature of 10 K and density of 10 '
cm-^ we find that our overall results match best with this model at the steady
state solution. However, this model requires early times to match our observed
abundances of HCN, HNC, and CH3OH. Additionally, this model produces, at all
times, more CS and HC3N than we observe.
In general, we conclude that current gas-phase chemical models do a
reasonable job of matching the observed abundances in L134N, particularly if we
assume that the northern part of the cloud is at an earlier evolutionary stage than
the remainder of the cloud. Observationally, this is supported by abundance peaks
at the N position for some "early" time molecules (HC3N, CS, CN, and C2H) and
a contrasting drop in the abundances for the "late" time molecules (SO and SO2)
at the N position.
2.7 Conclusions
We have mapped a 8.5' x 10' region in the core of the dark cloud L134N,
including the dense peak in the north and the SO peak in the west, which were
studied previously by Swade (1989a, 1989b) and Swade & Schloerb (1992). This
study is an improvement on this previous work, since we have observed a larger
number of species with a single telescope, resulting in similar beam sizes and
antenna efficiencies. We also determined the physical parameters characterizing
the kinetic temperature and molecular hydrogen density from the same data set.
Statistical equilibrium calculations using multiple transition observations were
performed to determine the kinetic temperature from NH3 and the density from
HC3N, CS, and N,!!"''. By relying on measurements of the rarer isotopoiners.
core
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optical depth effects were minimized, allowing us to better determine whether the
variations in the emission observed from one position to another within the c
were related to changes in the abundance or excitation. We calculated coli
densities for 13 molecular species at 50 positions and present abundances relative
to both HCO+ and CO.
Despite the lack of discernible variations in the kinetic temperature or large
variations in the density in the L134N core, we see evidence for observed emission
variations which are the result of both column density and abundance variations.
Analysis of the abundances (cf. Section 2.6.1) reveals significant variations (up to
a factor of order 5) in the abundances relative to HCO+ for CS, C2H, CN, and
HC3N, with smaller changes noted for NH3 and N2H+. In addition to abundance
variations from position to position, we also see systematic trends. For instance,
some "early" time chemical evolution species, such as CS, C2H, CN, and HC3N,
are most abundant in the north and fall off in abundance as we go further south.
Furthermore, the abundances for these species are small along our east-west cut,
suggesting that these species might be confined to a north-south ridge-like
structure. On the other hand, SO and SO2, considered to be "late" time molecules,
have their smallest abundances in the north and are more abundant toward the S
and W positions. SO2 in particular has a peak abundance relative to HCO+
toward the W position. This suggests that there is a chemical evolution difference,
with the northern region of the cloud being "younger" than the south and west.
By invoking a difference in the chemical ages in these regions, our observed
abundances are reasonably matched by our chemical model. For those molecules,
such as CS, CN, and SO2, where our model cannot reproduce the observed
abundances at the time matched by most other species, this large L134N data set
will be instrumental in constraining reaction rates and production mechanisms
leading to the formation of these species. The observed abundances for CN are
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more in line with the chemical model of Lee, Bettens, & Herbst (1996), which
includes a larger set of neutral-neutral reactions, than with our own chemical
model.
Overall, for the molecular species which we have observed, we find abundances
that are within a factor of about 5 of those in the well studied cloud TMC-1 with
differences which suggest that the the "youngest" position in L134N, the N
position, is most similar to the "oldest" position in TMC-1, the SO position. The
larger abundance of carbon-bearing species in TMC-l(SO) compared with
L134N(N) suggests that L134N is "older" than TMC-1.
Previous studies of L134N by Swade (1989a,b) suggested that abundance
differences in L134N might be caused by an increased gas phase C/0 abundance
ratio in the densest regions, related to the adsorption of water onto grains. In his
model, the SO abundance peak toward the W position (called the "SO peak" by
Swade) was indicative of a lower C/0 ratio, such that oxygen-bearing molecules
like SO and SO2 were abundant. Such a C/0 abundance gradient was suggested as
one of the models to describe the abundance gradient observed along the TMC-1
ridge by Pratap et al. (1997), and those authors found that small changes in the
C/0 abundance ratio at a fixed time could produce large abundance variations.
Density gradients have also been proposed to match the abundance gradients
along the TMC-1 ridge (Hirahara et al. 1992; Pratap et al. 1992), and again, small
changes in the density in an evolving cloud result in large abundance variations at
a fixed time. Although we do not see any clear evidence for such a variation in the
density, there could be a factor 2 uncertainty in the density toward some positions,
such that variations in either the C/0 abundance ratio or the molecular hydrogen
density are both acceptable scenarios to match our observations.
Chapter 3
The Formaldehyde Ortho/Para Ratio as a
Probe of Dark Cloud Chemistry and
Evolution
3.1 Summary
We present measurements of the H2CO ortho/para ratio toward 4 star forming
cores, L723, L1228, L1527, and L43, and one quiescent core, L1498. Combining
these data with earlier results by Minh et al. (1995), three quiescent cores are
found to have ortho/para ratios near 3, the ratio of statistical weights expected for
gas-phase formation processes. In contrast, ortho/para ratios are 1.5-2.1 in five
star forming cores, suggesting thermalization at a kinetic temperature of 10 K. We
attribute modification of the ortho/para ratio in the latter cores to formation of
H2CO on grains with subsequent release back into the gas phase due to the
increased energy inputs from the forming star and outflow. We see accompanying
enhancements in the H2CO abundance relative to H2 to support this idea. The
results suggest that the formaldehyde ortho/para ratio can differentiate between
quiescent cores and those in which low-mass star formation has occurred.
3.2 Introduction
The formation of molecules with identical hydrogen nuclei, such as H2, H2CS,
and H2CO, leads to the ortho or para symmetry species depending on whether the
spins of the hydrogen nuclei are parallel (ortho) or anti-parallel (para). In the
gas-phase, the abundance ratio of the symmetry pair is presumably determined by
be published as Dickens, J. E., & hvine, W. M. 1998, in preparation.
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the energy released during the reaction that forms the molecule. For instance, if
the energy of formation is much larger than the energy difference between the
ground states of the symmetry pair, the abundance ratio will tend to reflect the
ratio of statistical weights of the two species. In this case, the ortho/para ratio is
said to be thermalized at the high temperature limit. However, for formation on
grains, where the energy of formation can be dissipated throughout the entire
grain volume, we expect the ortho/para ratio to reflect the equilibrium ratio at the
gas and grain temperature. In the gas phase, conversion from one species to the
other by radiative or collisional processes is strictly forbidden. Therefore, the value
of the ortho/para ratio can provide information on processes of molecular
formation or processes effective subsequent to the initial formation, such as
thermalization via gas-grain interactions (Kahane et al. 1984; Minh, Irvine, k
Brewer 1991; Minh et al. 1993, 1995).
H2CO is a good probe of symmetry species thermalization in dark clouds
which have kinetic temperatures near 10 K. The energy difference between the
ground para (K-=0, 2, 4, etc.) and ortho (K-= l
,3 ,5, etc.) energy levels is 15 K,
generally thought to be much lower than the energy released during formation of
the molecule. Therefore, gas-phase formation is expected to result in an
ortho/para ratio of 3, the statistical weight ratio, indicative of thermalization at
the high temperature limit. Since interconversion in the gas phase is much slower
than formation and destruction processes for H2CO (Kahane et al. 1984), we
expect this ratio to hold even at the kinetic temperature of cold, dark clouds,
unless there is interaction between molecules formed in the gas phase and on grain
mantles. An ortho/para ratio of ~1.5 would be indicative of H2CO formation on
grains equilibrated to the kinetic temperature of 10 K.
Previous measurements of the ortho/para ratio for H2CO have been made by
Kahane et al. (1984), but the results were obscured by optical depth effects in the
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dark clouds. Hence, Minh et al. (1995) repeated the measurements using the
optically thinner species U.^^CO. For the quiescent clouds L134N and TMC-1, the
results were consistent with the high temperature value 3. Similarly, observations
in TMC-1 of ketene (H^CCO) by Ohishi et al. (1990), the two cumulenes (H^C,
and H2C4) by Kawaguchi et al. (1991), and methyl acetylene (CH3CCH) by Askne
et al. (1984) all suggest abundance ratios of the symmetry species near the high
temperature limit. On the other hand, ortho/para measurements of H^CS (Minh,
Irvine, k Brewer 1991), CH3CN (Minh et al. 1993), and C-C3H2 (Madden 1990) in
TMC-1 suggested formation at 10 K.
The reason for these differences are not fully understood (cf. Irvine 1992).
However, in model calculations, Willacy, Williams, k Minh (1993) have shown
that the CH3CN ortho/para ratio can be explained in TMC-1 if desorption
processes from grains are efficient. It was therefore provocative that for Ha^^CO in
the Class 0 protostar B335 Minh et al. (1995) derived an ortho/para ratio
significantly less than the high temperature limit, and similar to that expected for
formation on grains at a temperature of ~10 K. They also attributed the lower
ratio to the fact that the star formation and outflow in B335 allowed molecules
formed on grains (and equilibrated to an ortho/para ratio ~ 1.5) to be released
back into the gas phase. We pursue this question in the present paper by
measuring the ortho/para ratio for formaldehyde in additional cores, both with
and without evidence for embedded low-mass protostars.
3.3 Observations
A survey of the formaldehyde ortho/para ratio in cold, dark clouds was carried
out in 1995 December at the National Radio Astronomy Observatory (NRAO)^
12-meter telescope at Kitt Peak, Arizona. To investigate the differences in this
' The National Radio Astronomy Observatory is a facility of the National Science Foundation,
operated under cooperative agreement by Associated Universities, Inc.
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ratio between quiescent and outflow-related cores suggested by the results of Minh
et al. (1995), we observed 4 sources with associated outflows, L1228, L43, L723,
and L1527, and one quiescent core, L1498. When combined with the study made
by Minh et al. (1995), this expanded the measurements to include a total of 5
outflow sources and 3 quiescent cores.
We used dual channel SIS mixer receivers in the 2mm and 3mm regions with
typical system temperatures of 250-450 K and 250-350 K, respectively, depending
on weather, elevation, and frequency. Beam sizes were 89" at 70 GHz and 42-46"
between 137-150 GHz. The temperature scale is given as Tr*, the
beam-chopper-corrected antenna temperature, and is converted to the main beam
brightness temperature scale (T^b) using the corrected main beam efficiency (//b),
which is 0.95 and 0.72 at 3mm and 2mm, respectively. For the backends, we used
two 37.5 MHz bandwidth analog/digital hybrid spectrometers (one for each
channel) with 97.7 kHz resolution (0.2 km s'^ at 140 GHz) and filter banks with
100 kHz and 30 kHz filter resolution. We present data and spectra from the hybrid
spectrometer and used the filter bank data as a check. All observations were
obtained by frequency switching ±3 MHz from line center. Pointing and focus
checks were made every few hours using continuum measurements of planets. The
measurement of the ortho/para ratio is very sensitively dependent on the relative
calibration errors in the observations. Therefore, we took pains to observe each
transition over approximately the same azimuth and elevation ranges and during
similar weather conditions when possible. In all subsequent analysis we assign a
10% systematic uncertainty due to these relative calibration errors, in addition to
the uncertainties contributed by noise in the system.
For each source, we made observations at the center position and ±30" in both
RA and DEC using the main isotopomer (H2CO) 2i2 — In transition at
140839.529 MHz. We determined that the center position did indeed have the
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strongest emission. Furthermore, we found the emission to be extended such that
beam dilution might not be a problem unless the source of the formaldehyde is
widespread but concentrated in clumps much smaller than our beam size. Since
the para transition at 70 GHz is observed with half the beam size of the other
transitions, we discuss in Section 3.5 the effect that dumpiness will have on our
results.
One of the conclusions made by Kahane et al. (1984) was that the main
isotopomer H2CO transitions were affected by self-absorption in the dark clouds
TMC-1 and L134N, such that the results depended upon choices of physical model
and radiative transfer technique. For that reason, Minh et al. (1995) relied solely
on observations of the optically thinner Ha^'^CO isotopomer to determine the
ortho/para ratio. We endeavored to use the ^^C-substituted isotopomer in this
study as well. However, only in L1527 and L43 was the Ha^^CO emissfon strong
enough that we could rely on this thinner species to determine the ortho/para
ratio.
3.4 Results
The spectra are shown in Figures 3.1-3.5, and the results of the single gaussian
fits to the spectra are summarized in Table 3.1. To determine the physical
conditions within the cores, we use statistical equilibrium calculations, with the
LVG approximation to model effects of radiative transfer. Our model inputs are
kinetic temperature (Tk), velocity width (Ai;), molecular hydrogen density (nnj,
and the ortho and para-H2C0 column densities (iVortho and A^para)- We set the
temperature to 10 K for these cores, on the basis of prior observations discussed in
Section 3.5.1, and take the velocity width to be the average of the 4 transitions
determined from the gaussian fits. We vary n\{.^, A^ortho, and A^para and compare the
peak intensities calculated in the model with the observations to find the best-fit
solution via minimization. As mentioned in Section 3.3, the observed quantities
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include a 10% systematic uncertainty in addition to tl,e rn,s uncertainty n, tl,e
spectra.
We took collisional excitation rates for H,CO with He from Green (1991) and
multiplied by the factor 2.2 to account for the different velocities of collisions with
H2, the more likely collision partner for H^CO. Our model includes H2CO energy
levels up to 200 K above the ground state. This includes levels up to J = 10 in the
K = 0 ladder and J = 8 in the K = 2 ladder of para-H^CO. The ortho species
contains levels up to J = 10 in the A' = 1 ladder and J = 6 in the A' = 3 ladder.
We adopted the spectral data of Johnson, Lovas, & Kirchhoff (1972) for both
H2CO and Ha^'^CO. In the cases where we have observations of both isotopomers,
we included this in our model as an extra constraint on the optical depth,
assuming that the isotopic ratio '^C/''C=6b. Additionally, we included the 3a
upper limit to the observed emission of the Ha^^CO 2o2 - loi transition in L43 as a
constraint to the model.
Our best-fit model results are shown in Table 3.2. In this table we include the
optical depth of the H2CO 2i2 - In transition as determined in our model (tlvg)
and that determined from the ratio of the H2CO and H2^^C0 observed integrated
intensities with ^^C/^^C=65 (tobs)- This comparison proved crucial for L723 and
L1228. The two ortho transitions (2i2 - In and 2n - lio) have approximately the
same upper level energies above the ground state (15 K) and Einstein
A-coefficients, the only difference being that the latter has 30% lower collision
coefficient. Overpopulation of the 2i2 relative to the 2n level is expected for
densities less than 10^ cm~^, so that the K-doublet transition at 2 cm between
these two levels is frequently seen in absorption (Mundy et al. 1987). When the
emission from these two transitions becomes comparable, as occurs for L1228 and
L723 (cf. Table 3.1), the intensity ratio is well fit over a wide range of densities,
such that riHi is not well determined. To avoid this problem, we set the density in
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Figure 3.1. Observed spectra of transitions of H2CO in the quiescent core L1498.
Tiie species and transition are indicated in the lower portion of each panel
("o"=ortho and "p"=para). The gaussian fit is overlayed on the spectrum.
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Table 3.1. A Summary of the H2CO Observations
Source^ Molecule Transition^ '/ n * ( riy-\c\J-H \Llllt>)
7
(O)rtho Outflow
c— 1\\KVl\ S ) (km s ^
)
(P)ara? (Y/N)L1498 H2CO ini — Onnui ^UU U.OU 8.07 P N
2o2 — loi 0 2i4('n ()^f^^ U.4o 7.83 P
2i 0 — 111 0 sosen o"?'?) U.4Z 7.79 0
L723 H2CO
^11 — 1 1 n 0 284fn 01 fi"! U.40 •7007.82 0
J.m — (inn i.oD 11.22 P Y
^09 — ini i .01 10.96 P
2l2 - 111 0.533(0.022) 2.14 10.88 0
^11 — 1 1 n 0 43fi('0 1 Qc:i.yo 10.86 0
L1228
2l2 — 111 0 030f0 OOS'I 1 .00 inniu.y 0
H2CO loi - Ooo 0.725(0.062) 1.07
-7.82 p Y1
2o2 — loi 0.533(0.057) 1.09
-8.05 P
2l2 - 111 0.487(0.037) 1.06
-8.16 0
2ii — lio 0.515(0.026) 1.20
-8.12 0
L1527
2l2 — 111 0.028(0.008) 0.84
-8.15 0
H2CO
H2I3CO
2l2 - 111 1.230(0.035) 1.12 5.75 0 Y
loi — Ooo 0.071(0.014) 0.44 6.09 p
2o2 — loi 0.067(0.018) 0.75 6.00 p
2l2 - 111 0.116(0.014) 0.63 5.90 0
L43
2ii — lio 0.072(0.017) 0.92 5.83 0
H2CO 2l2 — 111 1.150(0.042) 0.79 0.61 0 Y
H2^^C0 loi — Ooo
2o2 — loi
0.057(0.015)
<0.045
0.86 0.82 p
p
2l2 — 111 0.134(0.021) 0.38 0.59 0
2ii — lio 0.047(0.015) 0.45 0.87 0
Notes: Upper limits are 3cr. Line parameters were derived by single gaussian fits to
the spectra.
^ Positions [a(1950), (5(1950)]: L1498 [04h07'"50^0, 25°02'13"], L723
[19^15'"42^0, 19°06'49"], L1228 [20h58"^20^0, 77°24'00"], L1527
[04h36"^49^3,25°57'16"], L43 [16^31"^42^0, -15°41'00"].
^ Rest frequencies of H2CO transitions (MHz): 72837.974 (Iqi - Oqo), 145602.971
(2o2 - loi), 140839.529 (2i2 - 1„), 150498.359 (2n - lio). Rest frequencies of
H2^-^C0 transitions (MHz): 71024.797 (loi -Oqo), 141983.748 (2o2-loi), 137449.969
(2i2 - 111), 146635.689 (2ii - lio) (Johnson, Lovas, k Kirchhoff 1972).
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L1228 and L723 to be that found in the Hterature. Our model then predicted
optical depths comparable to those deduced from a comparison of the H.,CO and
Ha^^CO results.
One of our concerns with using the main isotopomer, H^CO, was effects from
radiative transfer (cf. Section 3.3). However, Table 3.2 shows only moderate
optical depths for L1228 and L723, such that our LVG approximation should be
reliable. The optical depth for L1498 is even lower. Our model cannot, however,
account for any effects caused by self-absorption in the line profile. For the most
part, the emission is gaussian with similar linewidths for the 4 transitions. The
exception might be in L1228, where the loi - Ooo and 2,, - l.^ transitions appear
slightly asymmetric, and the latter flattens and begins to dip at line center, as
would be expected for self-absorption. If this line is indeed self-absorbed, we will
have calculated a smaller TVortho and ortho/para ratio than is actually the case,
since some of the emission in this transition is, in effect, "missing" from our fit to
the peak intensity. However, the line shape suggests that this effect is < 5%. For
L1527 and L43, where we were able to use the isotopically thinner species for the
analysis, we calculated that the H2CO 2i2 - In transition optical depth in our
model is ~5. This implies that the Ha^^CO emission is thin, and there are no
complications from source geometry or velocity fields in our model.
3.5 Discussion
3.5.1 Physical Conditions
The results of our models (Table 3.2) for these sources suggest that the
ortho/para ratio is lower than the statistical weight ratio of 3 for all 4 star forming
cores with outflows, while the value for the quiescent core L1498 is consistent with
this high temperature limit. Similar results were found by Minh et al. (1995),
where they report that the quiescent cores TMC-1 and L134N have ortho/para~3,
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3.2. HaCO Column Densities and Abundance Rati
Source
(10^ cm-3)
t-lvg''
•^ortho
(1013 cm -2)
A''
"para
(1013 cm-2)
/(H.CO)^-
(10-9)
ortho/para
L1498
L723
L1228
L1527
L43
5.2(0.4)
e.o*^
3.0^
3.7(0.5)
2.9(0.4)
0.8
1.9
1.9
5.4
5.8
. .
d
2.0
2.8
3.4
3.7
0.33(0.05)
3.18(0.47)
1.88(0.31)
4.47(0.71)f
4.02(0.75)f
0.14(0.02)
2.16(0.23)
1.07(0.13)
2.80(0.46)f
1.95(0.48)f
1.7
3.1
9.8
7.3
6.0
2.4(0.5)
1.5(0.3)
1.8(0.4)
1.6(0.4)
2.1(0.6)
Notes: Uncertainties shown in parenthesis are la.
^ LVG model results for H2CO 2i2 - In.
^ Determined from observed H2CO and Ha^'^CO 2i2 - In integrated intensity ratio
and assuming ^^C/^^C=65.
' Defining /(H2CO) = iV(H2CO)/A^(H2), with the following values for
iV(H2)(cm-2) from the literature: SxlO^^ for L1498 (Lemme et al. 1995), l.TxlO^^
for L723 (Girart et al. 1997), SxlO^i for L1228 (Bally et al. 1995), 1x10^2 for
L1527 (Gregersen et al. 1997) and L43 (Goodman et al. 1993).
^ Did not observe H2^'^C0 2i2 - In-
^ Set to value in literature (L723: Hayashi, Hasegawa, k Kaifu 1991; L1228:
Anglada, Sepulveda, k Gomez 1997). See text Section 3.4.
f Assuming 7V(H2CO) = 65xA^(H2^^CO).
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and the outflow source B335 has a ratio more in Hue with the results for our star
forming cores above.
To assess the significance of these results, we need to have a good
understanding of the possible sources of uncertainty in this measurement. We have
already discussed the care that we took in obtaining the spectra and the
calibration uncertainty which we included in our model (Section 3.3). We have not
made any corrections for uncertainties in the model itself. The largest effect might
be related to assumptions we made about the collision coefficients. For instance, in
using a common multiplicative factor of 2.2 to convert collisions with He to
collisions with H2, we ignore the fact that H2 in rotationally excited states is
complicated by the addition of a long-range dipole-quadrupole interaction.
Additionally, we have ignored any state-to-state enhancements caused by the ortho
and para species of H2. Some of these arguments are discussed in Green (1991),
where he suggests that while specific state-to-state collision rates may diff"er by as
much as 20% from his tabulation, the overall uncertainty introduced in a model
such as ours should be less than about 10%. In combining this uncertainty with
the calibration uncertainty, Minh et al. (1995) found that the only effect was to
increase the uncertainty in the ortho/para ratio by about 10% of the value. Our
analysis is that the uncertainty is increased by only 5%.
Another assumption that we made in our model was that the kinetic
temperature was 10 K for each source. For L1498, temperature estimates vary
from 10 K (Fiebig 1990; Benson k Myers 1989) to 8 K (Fuller & Myers 1993),
based on data from several molecular species. Temperatures reported for L723
include 14 K from 15" resolution VLA observations of NH3 down to 9 K from CO
observations in a 22" beam (Girart et al. 1997). Bally et al. (1995) determined 9 K
in L1228 from CO observations with a 100" beam. The best estimates for L1527
and L43 are 11 and 12 K, respectively, from NH3 (Benson & Myers 1989). The
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upper level energies of the para species transitions are 3 K and 10 K for Un ~ %o
and 2o2 - loi, respectively, so the relative populations ni these levels will bo
sensitive to changes in temperatures near 10 K. On the other hand, both of the
ortho species transitions have similar upper level energies of 15 K, such that then
populations will be affected in a similar manner by temperature changes and their
relative populations will remain unchanged. However, any changes in density
related to this change in temperature in the model will affect these relative
populations because of the differing collision coefficients (cf. Section 3.4). We have
recalculated our models assuming temperatures of 7 and 14 K to represent the
extremes of the reported values. We found that the lower bound temperature
decreased nu, by 20%, iV,,,ho by 5%, and iVp^^a by 10%, resulting in a net increase
in the ortho/para ratio by 5% of its value. For temperatures of 14 K, we found
typical increases in rm, by 30%, Nonko by 13%, and N^,,, by 20%, resulting in a
decrease in the reported ortho/para ratios by 7%.
We also investigated the effect of density changes on our model. We have
already mentioned that the para transitions are most sensitive to temperature and
the ortho transitions are most affected by density. An increase in the density
boosts the excitation, such that lower optical depths are needed to match the
observations. This was seen in the case of L1228 and L723 (cf. Section 3.4). An
increase in the density by a factor of 10 results in a factor of 5 decrease in both the
ortho and para column densities, but the effect on the ortho/para ratio is only
about 10%. The densities we model are well matched to the values quoted it the
literature. For L1498, our model predicts riu., = 5.2x10'^ cin~K Using multiple
transitions of CCS with statistical equilibrium modeling Wolkovitch et al. (1997)
determined n\\.^ = 3.3x10'^ cm~^ Madden (1990) used similar modeling of the
cyclic molecule C3H2 to find n\\.^ = 1.3x10' cm"'^. For Lr228 and L723, we
adopted values from the literature of = 3x10'' (Anglada, Sepulveda, & Gomez
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1997) and 6x10^ cm- (Hayashi, Hasegawa, & Kaifu 1991), respectively, in order
to better match the optical depths determined from observations of the R/-^CO
isotopomer (cf. Section 3.4). For L1527 and L43, we report n„, = 3.7x10^ and
2.9x10^^ cm-3, which are close to the measurements from NH3 of 2.0x10^ cm-^
and 1.3x10^ cm-^ (Benson k Myers 1989).
Another source of uncertainty in our measurements is the effect of beam
dilution. The two ortho transitions and the para 2o2 - loi transition all have
similar frequencies. Hence, they are all affected in the same manner by beam
dilution. The 70 GHz transition, on the other hand, has twice the beam size of the
other 3 transitions. If beam dilution is a factor, then the peak antenna
temperature will be observed to be smaller than the actual radiation temperature
due to the fact that the signal is averaged over the whole beam. To correct for
this, we might increase the observed peak temperature of the 70 GHz line, which
has the effect of raising Np^,^. This lowers the ortho/para ratio even further. We
investigated this in L1498 and found that the ortho/para ratio decreased to 2.1 for
a source size of 30".
Overall, we conclude that the uncertainties in our modeling of these clouds
introduces changes in the ortho/para ratio that are small compared to the other
sources of error.
3.5.2 Formation and Species Interconversion
The gas-phase formation and interconversion mechanisms which might affect
the ortho/para ratio are discussed at length in Kahane et al. (1984) and
summarized below. In order to bring about interconversion, gas-phase mechanisms
involving proton exchange with ions or neutral atoms are needed. The latter
process is too slow to be efficient. Additionally, the lifetime for interconversion
with ions is longer than the lifetime against destruction by atomic and molecular
ions. For example, destruction by C"*" and He"*", which do not cause
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interconversion, is faster than spin exchange by ions snch as H+, and HCO^
(Kahane et al. 1984). As a result of this, gas-phase formation processes will
dominate interconversion in determining the ortho/para ratio. The dominant
pathways for the formation of H^CO are from CH3+ and H3CO+. The ortho/para
ratio of the product of these reactions (H^CO) is dependent on the ortho/para
ratio of the precursors. For instance, ortho-CH3+ can form only ortho-H^CO, while
para-CH3+ can form both ortho and para-HaCO (Kahane et al. 1984). The energy
excess associated with the formation for H^CO is much higher than the energy
difference between the ortho and para ground states, so the ortho/para ratio at
this high temperature limit should be >3, with the value depending on whether
the gas-phase formation is from CH3+ or H3CO+. And since interconversion is not
likely, the ortho/para ratio can be used to probe the gas-phase formation
mechanism, assuming that no other processes are important subsequent to
formation. However, atoms and molecules in the gas phase can be adsorbed onto
grain mantles, where they can form complex species such as H2CO. While on the
grain surface, the energy related to the formation of the molecule can be shared
with the entire volume of the grain, and the ortho/para ratio will reflect the
equilibrium gas and grain temperature of ~10-15 K, leading to the value
ortho/para~1.5.
3.6 Conclusions
Our results indicate that for dark clouds containing outflow sources, the H2CO
ortho/para ratio is less than that expected at the high temperature limit (i.e.,
ortho/para~3), suggesting formation at temperatures near 10 15 K. In contrast,
for the quiescent core L1498, the ortho/para ratio of 2.4=b0.5 is not significantly
less than the high temperature value of 3. When combined with the results from
Minh et al. (1995), we note that all 5 cores with associated outflow activity have
ortho/para ratios between 1.5 and approximately 2, while the three quiescent cores
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each have higher ratios which are not much differeut than the vah.e of 3 expected
for gas-phase formation at the high temperature hmit. We suggest that
modification of the ortho/para ratio in the outflow sources is evidence for H,CO
formation on grain surfaces. The extra energy inputs to the surrounding medium
by the forming star and outflow facihtate the release of the molecules formed on
the grains back into the gas phase. With this scenario in mind, we would expect
an increase in the abundance of H^CO relative to H, (cf. Table 3.2) for the sources
whose ortho/para ratios indicate some amount of H2CO formation on grain
mantles. In fact, our H2CO abundance for L1498 agrees well with that predicted
by the new standard gas-phase chemistry model of Lee, Bettens, & Herbst (1996)
at densities of 10^ cm'^ and evolutionary times >10^ years. Comparison with
model 2 of Bergin k Langer (1997), developed with L1498 in mind, produces a
similar agreement. For each of the remaining cores, we see an enhancement in the
total H2CO relative abundance. Some of this might be related to uncertainties in
the H2 column densities adopted from the literature. However, it is a striking
trend that the sources with enhanced H2CO abundance also have an ortho/para
ratio indicative of grain formation and a source of energy, namely the protostar
and associated outflow, to release H2CO frozen in the icy grain mantles.
We conclude that the formation of low-mass protostars in isolated dark cloud
cores produces a measurable change in the H2CO ortho/para ratio, probably
reflecting the removal of icy grain mantles containing formaldehyde. This may
provide a new means of identifying such cores in an early stage of evolution.
Chapter 4
Hydrogenation of Interstellar Molecules: A
Survey for Methylenimine (CH2NH)
4.1 Summary
Methylenimine (CH2NH) has been convincingly detected for the first time
outside of the Galactic center as part of a study of the hydrogenation of
interstellar molecules. We have observed transitions from energy levels up to about
100 K above the ground state in the giant molecular clouds W51, Orion KL and
G34.3+0.15. In addition, CH2NH was found at the "radical-ion peak" on the
quiescent ridge of material in the Orion molecular cloud. The abundance ratio
CH2NH/HCN at the radical-ion peak agrees with the predictions of recent gas
phase chemical models. This ratio is an order of magnitude higher in the warmer
cloud cores, suggesting additional production pathways for CH2NH, probably on
interstellar grains.
4.2 Introduction
At first glance interstellar molecular clouds would seem to provide an
extremely reducing environment. Since hydrogen is more than 1000 times as
abundant as other chemically reactive elements, one might expect the compounds
formed to be fully hydrogenated, e.g., CH3OH (methanol), CH3CH2OH (ethanol),
and (0113)20 (dimethyl ether). This is, however, manifestly not the case. Many
doubly and triply bonded molecules are found to have reasonable abundances,
^published as Dickens, J. E., Irvine, W. M., DeVries, C. H., & Ohishi, M. 1997, Astrophys. J.,
479, 307.
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particularly in the cold, dark clouds. Thus, in the classic dark cloud TMC-1 the
abundances of closed-shell molecular species with the linear heavy element
backbone CCCN (HC3N - cyanoacetylene: CH2CHCN - vinyl cyanide:
CH3CH2CN
- ethyl cyanide) are in the ratio of 1 : 0.05 : < 0.02 (Minh k Irv i
1991). Such a result is understandable from the kinetics of gas phase reactions
such an environment, since hydrogenation reactions often have energy barriers
which are difficult to overcome at the temperatures in dark clouds (of order 10 K),
even when such reactions are energetically allowed (Herbst, Adams, & Smith
1983). In regions where active star formation is taking place, with the resultant
energy inputs to the interstellar medium, more hydrogenated compounds are
indeed found. In the Orion "hot core", for example, the relative abundances for
HC3N: CH2CHCN: CH3CH2CN are found to be 1 : 1 : 7, almost the reverse of
those in dark clouds (e.g., Irvine & Hjalmarson 1984; Blake et al. 1987). The
reasons for this are thought to include the higher kinetic temperatures in such
regions, which permit a wider range of gas phase reactions to occur, and reactions
on the surfaces of solid particles (interstellar "grains") followed by the release of
such molecules back to the gas phase.
Consequently, the relative abundances for molecules which are related by their
degree of hydrogenation can provide important information on the chemical
processes taking place in the interstellar medium, including the chemical role of
the interstellar grains. We are investigating such processes by studying the
abundances of species in the hydrogenation series based on the cyanide radical
(HnCN), five members of which are known to exist in the interstellar medium: CN
(n=0), HCN (n=l), H2CN (n=2), CH2NH (n=3), and CH3NH2 (n=5). Among the
closed shell species, HCN is well studied, but CH2NH (methylenimine) and
CH3NH2 (methylamine) have been securely detected only in the Galactic Center
molecular cloud Sgr B2 (Godfrey et al. 1973; Kaifu et al. 1974; Turner 1991).
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Methylenimine is a prolate asymmetric rotor with components of the electric
dipole moment along both the a- and b-molecular axes, with magnitudes 1.325 D
and 1.53 D, respectively. The nitrogen nucleus produces electric quadrupole
hyperfine structure in low-lying transitions. The rotational spectrum to 300 Ghz
has been tabulated by Kirchhoff, Johnson, k Lovas (1973). CH^NH has been
shown to be a product of UV irradiation of model icy interstellar grain mantles
and a precursor of other complex organics which may be present in cometary ices
(Bernstein et al. 1995). It is also of potential prebiotic interest, since it can serve
as a precursor to glycinenitrile and glycine (e.g., Dickerson 1978). We report here
on the results of a survey for CH2NH in both giant molecular clouds and in cold,
dark clouds.
4.3 Observations
A survey for interstellar methylenimine in Galactic molecular clouds was
carried out in 1995 December at the National Radio Astronomy Observatory^ 12m
radio telescope at Kitt Peak, Arizona. We used dual channel SIS mixer receivers in
the 2mm and 1mm regions with system temperatures in the range 400-850 K and
450-650 K, respectively, depending on weather, elevation, and frequency. For the
backends, we simultaneously observed with the hybrid autocorrelator and filter
banks, but we concentrated our analysis on the autocorrelator data and used the
filter bank data as a check for consistency. For the "hot core" type sources (W51,
Orion KL, G34.3+0.15, and W49), we set up the hybrid autocorrelator
spectrometer with a 600 MHz total bandwidth with 781 kHz resolution. For the
quiescent region, Orion 3N, we used 150 MHz bandwidth with 195 kHz resolution,
and for the dark clouds (L134N and TMC-1), we used 37.5 MHz bandwidth with
49 kHz resolution.
^ The National Radio Astronomy Observatory is a facility of the National Science Foundation,
operated under cooperative agreement by Associated Universities, Inc.
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All data were obtained using position switching 30 arcmin in azimuth. The
HPBWs at 2mm and 1mm are about 37" and 26". We checked the pointing as
often as possible using continuum observations of the planets. However, due to the
paucity of pointing sources and to the fact that half of the dish was directly
illuminated by the sun during daytime observing, we have conservatively put a
30% systematic uncertainty into our error analysis. In Table 4.1, we list the
transition frequency, the transition designation in the J,_^,^^ nomenclature for an
asymmetric rotor, the intrinsic line strength (5), the energy of the upper level of
the transition above the ground state (^,), the dipole moment (/O, and the
beamsize and corrected main beam efficiency (77b) at each observed frequency.
The first definitive detections of CH2NH were made in the two regions of
massive-star formation, W51 and Orion KL, with several transitions observed in
each source. Time constraints allowed the detection of only a single transition in
the GMC, G34.3+0.15, where a tentative detection of an additional line has been
reported by Macdonald et al. (1996). Line parameters are given in Table 4.2, and
sample spectra are shown in Figure 4.1. For the two sources of this type where
multiple transitions were observed, we have plotted "rotation diagrams", from
which rotation temperatures and total column densities may be found (e.g.,
Johansson et al 1984; Blake et al. 1987). These are illustrated in Figure 4.2.
In addition, CH2NH was observed to be present in the quiescent gas at the
so-called "radical-ion peak" along the Orion ridge (here labeled Orion 3N), where
the kinetic temperature is about 25 K (Bergin 1995). At this location, its
production is presumably by gas phase ion-molecule chemistry, which suggests
that CH2NH may be rather widely present in molecular clouds.
We did not detect CH2NH toward the cold, dark clouds TMC-1 and L134N,
which have been the subjects of numerous chemical studies (e.g., Irvine, Ohishi, &
Kaifu 1991; Ohishi, Irvine, & Kaifu 1992; Pratap et al. 1994; and references
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Table 4.1. Transition Parameters for CH2NH
Frequency
(MHz)
s
(K) (Debye)
Beamsize
(arcsec)
Vb
(%)
172267.113 2ir~2o2 2.460 17.5 1.530 34 66
225554.692 lir
-Ooo 1.000 10.8 1.530 26 53
245125.974 4i4--3i3 3.749 37.3 1.325 24 51
250161.865
-7o7 5.906 97.2 1.530 24 50
251421.379 606'
-5i5 3.053 64.1 1.530 24 50
255840.431 423--322 3.000 62.2 1.325 23 49
Notes: S is the intrinsic line strength; is the upper level energy above the ground
state; fi is the dipole moment along either the a- or b-molecular axis; and t]b is the
corrected main beam efficiency (NRAO 12-meter observing manual).
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Table 4.2. Observed Line Parameters for CH2NH
oouice T'JK-
1 A'+i Jr (rms)
(mK)
^LSR
(km s~^)
Av
(km s~^)
Res.
(kHz)
Rem.
urion J\L 2ir
r\
238(50) 7.2 7.3 781
zl9(10) 8.7 5.9 781 bl
4i4-"3 1.3 399(13) 9.5 6.9 781 bl
7i6-^7o7 216(30) 7.3 11.6 781
606- 459(38) 7.6 7.1 781 bl
W51 lir-Ooo 121(11) 55.6 10.0 781 bl
4i4--3i3 140(13) 59.3 9.5 781
606-
-5i5 57(11) 56.4 7.5 781
423 322 29( 9) 59.9 6.9 781
G34.3+0.15 4i4- 3i3 29( 8) 58.9 5.4 781
W49 lll Ooo ••(10) 781
Orion 3N 2ir 2o2 96(30) 10.1 3.3 195
lir-Ooo 39(12) 9.1 2.9 195
TMC-1 lu
-Ooo •••(20) 49
L134N 111 Ooo •••(25) 49
Notes: Line parameters were derived by gaussian fitting. Tr* is the beam-chopper-
corrected antenna temperature and we use Tub = TyCI^ to estimate Tr in the
main beam; the errors (in parenthesis) are la. Column 6 gives the spectral
resolution. In column 7, the remark "bl" denotes a transition that is blended with the
emission from another molecule. Source positions are as follows (epoch=B1950.0).
Orion KL: ck=05*^32"^47.^0, 5=-05°24'23"; W51: q=19^21'"26.^3, 6= 14°24'36";
G34.3+0.15: a=18^50'"46.'2, 6= 01°11'13"; W49: a=19'^07"^49.'^8, 6= 09°01'17";
Orion 3N: a=05'^32'"51.'0, (5=-05°20'50"; TMC-1: a=04h38'"16.'^6, 6= 25°42'45";
L134N: a=15'^51'"32.^0, (5=-02°43'31".
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freq. offset [MHz] freq. offset [MHz]
Figure 4.1. New detections (dashed line) of CH2NH at 225 GHz (ln-Ooo; left) and
245 GHz (4i4-3i3; right) for the sources listed in the upper left-hand corner of each
panel. The center frequencies are 225554.69 MHz for the three left-hand panels and
245125.98 MHz for the three right-hand panels.
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Figure 4.2. Rotation diagrams for W51 (top) and Orion KL (bottom). The rotation
temperature, Trot, is related to the inverse of the slope of the best-fit line and the
column density is obtained from the intercept at £^upper=0 (cf. Johansson et al.
1984; Blake et al. 1987). Both plots are presented on the same scale to point out
the difference in the rotation temperatures between the two sources.
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therein). This is Hkely to be a matter of low excitation rather than low abundance,
since the lowest energy transition that could be probed was 1^ Ooo, for which the
upper level is about 10 K above the ground state and for which the critical density
is about 10^ cm-3. This line may simply not be excited at the temperatures and
densities that are typical of dark clouds - T~10 K and n(H,)~10' 10^' cnr^ We
did attempt to see if this transition could be seen in absorption toward 3C111,
which lies behind a portion of the Taurus cloud region (cf. Marscher, Moore, k
Bania 1993), but the continuum signal was too weak.
4.4 Results
4.4.1 W51
This region of massive star formation at a distance of about 7 kpc has been
extensively studied at centimeter, millimeter, submillimeter and infrared
wavelengths (e.g., Bieging 1975; Jaffe et al. 1989; Bell, Avery, & Watson 1993;
Rudolph et al. 1990). The direction toward W51 includes dense molecular cloud
material, maser sources and the two compact HII regions W51el and W51e2
(Genzel k Downes 1977). Our beam was centered close to W51el.
Upper state energies of the four transitions of CH2NH which we detected range
between about 10 K and 65 K above the ground state. The data are well fit by a
standard rotation diagram, consistent with the emission being optically thin and
the energy level populations being described by a Boltzmann distribution
(Fig. 4.2). The In Oqo hue appears to be blended with an ethanol line, as is
discussed later in connection with the more complicated spectrum observed
towards Orion KL, but the other transitions are isolated. The emission is
characterized by a Vlsr between 56 and 59 km s"^ and a FWHM line width of
about 9 km s"^ (Table 4.2). We find a total column density of yV(CH2NH) =
8(±0.4) X 10^'^ cm~^ and a rotation temperature Trot = 22±3 K. The derived
rotation temperature is much lower than the kinetic temperature of the hot gas in
the direction observed; for example, Jaffe, Harris, & Genzel (1987) find a kinetic
temperature >70 K from observations of the CO J = 7-6 transition and Ho, Das,
k Genzel (1983) find gas at a temperature
-100 K from ammonia data toward
W51el&2. However, there is also extended gas and dust emission characterized by
lower temperatures and densities (e.g., T~35 K from far-IR dust emission;
Rudolph et al. 1990; Jaffe, Becklin, k Hildebrand 1984; Harvey et al. 1986). Since
the critical densities for thermalization of the observed CH2NH transitions are
fairly high (-10^ cm-^), it would not be surprising if our observed lines are
subthermally excited so that the rotation temperature is rather low. This would
seem to imply that the bulk of our observed emission is from a region more
extended than the hot cores surrounding the compact HII regions.
In line with our goal of comparing the abundance of CH2NH with that of the
less hydrogenated species HCN, we may derive an HCN column density from the
measurement of H^^CN by Goldsmith et al. (1981), scaled to our position (about
one beamwidth away) using an H^^CN map by Howe (1996). Scaling by an
isotopic abundance ratio ^'^C/^^C = 70, and using the same rotation temperature
as that measured for CH2NH, we obtain A^(HCN) = 3.3x10^^ cm^^; Goldsmith et
aUs (1981) measurement for HC^^N would give approximately the same value.
Comparing this result to our CH2NH column density, we find an abundance ratio
A^(CH2NH)/iV(HCN) = 0.025.
4.4.2 Orion
Toward Orion KL we have detected five transitions of CH2NH (Table 4.2 and
Figure 4.1), although with varying signal-to noise. Moreover, at the sensitivity
reached in this chemically rich, relatively nearby source, the spectra are very
crowded with emission features. This line crowding results in several of our
CH2NH lines being blended with other molecular emission, thus complicating the
rotation diagram analysis. The line parameters listed in Table 4.2 have been
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obtained from gaussian fits to the CH,NH emission features, subtracting out other
blended emission as will now be discussed separately for each transition.
The In-Ooo line is blended with two transitions of ethanol (CH3CH2OH), the
stronger of which is also present in the corresponding W51 spectrum. These three
Orion features are rather well separated by the gaussian fits, however.
The 4i4-3i3 line of CH2NH has broad wings which appear to result from
blends with other lines offset by about -6 MHz and +4 MHz. Fitting this triplet
produces a CH2NH line with a Msr and FWHM which agree with those of the
other transitions of this molecule.
The 6o6-5i5 CH2NH line shows a broad blue-shifted wing, which, however, can
be assigned to SO2 (v2 = 1, IO37-IO28). Fortunately there is another vibrationally
excited SO2 line (v2 = 1, 13ij3-12o,i2) of similar energy above the ground state
that is observed in the same bandpass and that is relatively unblended. We have
fit the latter line and subtracted this result from the blended CH2NH-SO2 feature,
producing the line parameters given in Table 4.2.
The two remaining CH2NH lines observed, 2ii-2o2 and 7i6-7o7, are unblended
within the discrimination of our signal-to-noise.
The rotation diagram fit to the observed Orion KL lines of CH2NH yields a
rotation temperature Trot = 107 ± 55 K and a column density
A^(CH2NH)~6(±1.8)xl0i'^ cm-^. Together with the observed VisR ~8 km s'^ and
line width, Av ~7 km s"^ the data seem most compatible with CH2NH emission
arising from the "compact ridge" source identified by Johansson et al. (1984) and
further studied (e.g.) by Blake et al. (1987). This is consistent with the tentative
detection of the 3i3-2o2 transition of CH2NH by Sutton et al. (1995), whose higher
angular resolution data also indicated emission from the compact ridge. There
does not seem to be identifiable CH2NH emission associated with the Orion Hot
Core or plateau source. If the CH2NH emission does indeed come from the
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compact ridge rather than the quiescent extended ridge, it is difficult to obtain a
column density ratio relative to HCN, smce the hyperfine structure of the HCN
J=l-0 line blends together emission from these two regions within our beam. If we
simply adopt the HCN column density for the extended ridge material m our line
of sight obtained in the Onsala and the OVRO surveys (Johansson et al 1984;
Blake et al. 1987), we find iV(CH2NH)/iV(HCN)
-0.3, where the HCN value has
been obtained from data for the ^'^C and ^'^N isotopic lines. The HCN abundance
is well known to be enhanced in the hot, dense material of the hot core and
plateau sources. Using the value of iV(HCN) from the surveys for the hot core
would reduce the abundance ratio of interest to iV(CH2NH)/A^(HCN) ~ 0.03. We
conclude that for the Orion compact ridge, iV(CH2NH)/iV(HCN) is in the range
0.03 to 0.3. We note that the present value derived for iV(CH2NH) is an order of
magnitude greater than the upper limit obtained by Turner (1991). This could
simply be a result of beam dilution, if the bulk of our observed emission is indeed
from a relatively hot, compact source.
We also succeeded in detecting CH2NH toward the relatively cold but dense
location 3 arcmin north along the Orion ridge referred to as the "radical-ion peak"
or Orion 3N, where antenna temperatures peak for low energy transitions of many
positive ions and radicals (Turner k Thaddeus 1977). This region has been
studied in the emission of more than 30 transitions from more than 20 molecular
species in a survey at FCRAO (Ungerechts et al. 1995, 1997; Bergin 1995). These
survey data allow the temperature, density and chemical abundances to be well
determined from a consistent data set. The radical-ion peak has a kinetic
temperature of Tk ~25 K, a density of /i(H2)~ 10^ cm~•^ and an HCN column
density A^(HCN) = 1 x lO^"' cm'^ (Bergin 1995). Since it lacks the embedded
luminous sources that are present in our other source regions, it should provide the
most direct comparison to the results of gas phase ion-molecule chemical models.
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We detected two CH.NH transitions toward the radical-ion peak (Table 4.2),
but the l„^Ooo line has considerably better signal-to-noise. Using this line and an
assumed rotation temperature of 20 K, we find iVlCH^NH) = 4(±l)xl0'-^ cm-^
so that iV(CH,NH)/iV(HCN) ^ 0.004. Using Bergin's (1995) value for the column
density of CO and a CO abundance of CO/E, = 8 x 10- yields a fractional
abundance relative to H2 of /(CH2NH) = 6 x 10"^^
4.4.3 Other Sources
lion
We detected only one transition of CH^NH toward the massive star formati
region G34.3+0.15. An additional transition, 10i,9-10o,io, has been recently
reported in an unbiased spectral survey of G34.3+0.15 by Macdonald et al. (1996),
who also observed H^'^CN and HC^^N (J=4-3). The fitted line parameters for our
detection agree well with Macdonald's line width and rest velocity for CH2NH and
the two isotopic species of HON. Using a rotation temperature equal to the
excitation temperature assumed for H^-^CN by Macdonald {T,^=A\ K), we obtain
A^(CH2NH) = l(±0.3)xl0i'^ cm-^. When compared to the column density of
H^^CN, with a ratio of ^^C/^^c = 70, we find A^(CH2NH)/iV(HCN) ~ 0.01.
We did not detect emission from CH2NH in the "hot core" source W49. This
source is situated at a distance of about 14 kpc and, therefore, contains a complex
superposition of many different regions within the observing beam, including
several compact HII regions surrounded by molecular clouds and the most
luminous water maser in the Galaxy (Nyman 1983). This makes estimates of a
molecular column density very diflficult. Assuming the same linewidth and
excitation temperature that Nyman (1983) found for HCN, i.e., ~ 20 km s"^ and
50 K, yields an upper limit to the CH2NH column density of < 5 x 10^'' cm"^, and
A^(CH2NH)/7V(HCN) < 1.
We also failed to detect this molecule in the dark clouds TMC-1 and L134N. If
we assume a linewidth of ~0.5 km s"' and an excitation temperature of 5 K, both
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of which are typical for milHmeter-wavelength transitions of high dipole moment
molecules in dark clouds, we obtain upper limit column densities of 1.3 and
1.4x10^2 ^^-2^ respectively. Ohishi, Irvine, k Kaifu (1992) report iV(HCN) ~
2x10^4 ^^-2 TMC-1, suggesting that 7V(CH2NH)/iV(HCN) < 0.006. For
L134N, Swade (1987) determined that N{E'^CN) ~ 8 x 10^^ near our observing
position. Taking ''C/'^C = 70, we obtain iV(CH2NH)/7V(HCN) < 0.025.
4.5 Discussion
Table 4.3 lists the column densities of CH2NH and the abundance ratio,
CH2NH/HCN, determined as described in Section 4.4. We can compare our results
with the gas phase chemical models of Lee, Bettens, k Herbst (1996). For the
range of densities (10^ to 10^ cm'^), temperatures (10 K to 50 K), and cloud ages
(10^ years to steady state) considered, Lee, Bettens, k Herbst (1996) find typical
values of Ar(CH2NH)/A^(HCN) ~ 0.002^0.004. This agrees well with the value
obtained by us for Orion 3N, and their fractional abundance of CH2NH with
respect to H2 at "early" times seems to agree with our value (6x10"^^) as well.
This suggests that gas phase models adequately account for the CH2NH abundance
in cold, dense regions with no sign of star formation. This is supported by the
upper limit we report in TMC-1, and our limit for L134N is not inconsistent with
this result. However, our findings for the GMC sources suggest that the CH2NH
abundance is enhanced in warmer regions (Table 4.3 includes representative values
of kinetic temperature, Tk, for reference). CH2NH data in the "hot core" source
Sgr B2 from Sutton et al. (1990) give further evidence of enhancement in warmer
sources (Table 4.3). Bernstein et al. (1995) note that CH2NH is a product of UV
irradiation of model interstellar icy grain mantles. Therefore, we posit that in
these sources, where massive star formation is occurring, we observe enhancements
of CH2NH due to formation on grain mantles and subsequent release back into the
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gas phase of the ISM. We plan to further test this type of enhanced hydrogenafon
in warmer regions by observations of CH3NH2.
Table 4.3. Abundance of CH2NH
Source A^(CH2NH)
(xl0^3 cm-2)
iV(UH2NH)/iV(HCN) Trmh
(K)
Orion KL 60±18 0.03-0.3 100-200^
Orion 3N 0.4±0.1 0.004 25*^
W51 8±0.4 0.025 35-100"
G34.3+0.15 1±0.3 0.01 ~100^
W49 <5 <1 ~50^
TMC-1 <0.13 <0.006 10
L134N <0.14 <0.025 10
Sgr B2f 86 0.10 100-300
Notes: Errors are la and upper limits are 3a. Values of HCN column density
discussed in text and Tk is kinetic temperature.
^ Blake et al. 1987.
^ Bergin 1995.
^ See text.
Macdonald et al. 1996.
^ Nyman 1983.
^ All data from Sutton et al. 1991.
Chapter 5
Detection of Interstellar Ethylene Oxide
(C-C2H4O)
5.1 Summary
We report the identification of 10 transitions which support the detection of
the small cyclic molecule ethylene oxide (C-C2H4O) in Sgr B2N. Although one of
these transitions is severely blended, such that an accurate intensity and linewidth
could not be determined, and two other lines are only marginally detected, we have
done gaussian fits to the remaining 7 lines and have performed a rotation diagram
analysis. Our results indicate a rotation temperature, r^t = 18 K, and a molecular
column density, iV(c-C2H40) = 3.3x10^^ cm^^, corresponding to a fractional
abundance relative to molecular hydrogen of order 6xl0~". This is a factor of
more than 200 higher than the abundance for this molecule suggested by the "new
standard" chemistry model of Lee, Bettens, k Herbst (1996). This result suggests
that grain chemistry might play an effective role in the production of C-C2H4O. No
transitions of this molecule were detected in either Sgr B2M or Sgr B2NW.
5.2 Introduction
The detection and abundance determination for a new interstellar molecule
provide constraints on theories of astrochemistry, including such issues as the
relative importance of gas-phase and grain surface reactions. This is particularly
true for isomeric pairs, which frequently share production and destruction
^published as Dickens, J. E., Irvine, W. M., Ohishi, M., Ikeda, M., Ishikawa, S., Nummelin, A.,
& Hjalmarson, A. 1997, Astrophys. J., 489, 753.
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pathways, thus significantly reducing the number of parameters involved in
relevant chemical processes. For instance, the relative abundances and
source-to-source abundance variations for such isomeric pairs as HCN and HNC,
HCO+ and HOC^ CH3CN and CH3NC, linear and cyclic C3H,, and linear and'
cyclic C3H have been extensively discussed from these points of view (Irvine et al.
1985; Irvine, Goldsmith, & Hjalmarson 1987; Goldsmith et al. 1986; Woods et al.
1983; Yamamoto et al. 1987; Kawaguchi et al. 1991). In a study of neutral-neutral
reactions in the interstellar medium, Kaiser et al. (1997) found that reactions of
carbon atoms with unsaturated hydrocarbons, leading to the formation of carbon
hydride radicals, were able to reproduce astronomical observations which report a
higher [c-C3H]/[l-C3H] ratio in TMC-1 compared to that found in the carbon star
IRC+10216.
Ethylene oxide (C-C2H4O) is a three-membered C-0 C ring, with each carbon
fully hydrogenated. It is a higher-energy isomer of the molecules acetaldehyde
(CH3CHO) and vinyl alcohol (CH2CHOH). Only CH3CHO has been detected thus
far in the ISM, although searches for CH2CHOH have been attempted (Irvine et
al. 1989). Therefore, observations of C-C2H4O are important for constraining
chemical pathways leading to related species, including its isomers and other small
ring molecules, such as C-C3H2. Moreover, the detection of C-C2H4O would provide
only the fourth cyclic interstellar molecule, joining C-C3H, C-C3H2, and c-SiCC.
The question remains whether cyclic molecules are chemically less abundant than
their related linear species in the ISM or whether their emission in any one
transition is weaker due to a larger partition function, such that astronomical
detections are more difficult.
The C-C2H4O molecule is an asymmetric oblate rotor which is planar in
structure. The pure rotation spectrum and dipole moment, 1.88 D along the
b molecular axis, are well known (Hirose 1974; Townes & Schawlow 1975).
Previous searches for interstellar c-C,H,0 were made by Lovas et al. (1976),
Kuiper et al (1977), and HoUis et ai (1980) toward Sgr B20H and Orion KL
without success. We report here the first interstellar detection of c-C.H,0, in
Sgr B2N, and discuss its possible formation mechanisms.
5.3 Observations
We used three radio telescopes in the course of this study; Haystack',
Nobeyama^ and SEST^ The beam widths and main beam efficiencies are listed in
Table 5.1.
The observations at Haystack to search for the lowest energy transition of
C-C2H4O, li,i-Oo,o at 39581.6 MHz, were performed during 1995 November. We
used a 7mm HEMT receiver which resulted in typical system temperatures of
150-250 K, depending on weather and elevation. The receiver was used in
single-sideband (SSB) mode with image sideband rejection of approximately
15 dB. The backend consisted of an autocorrelator spectrometer with 53.3 MHz
bandwidth and a frequency resolution of 52 kHz. The observations were made in
dual beamswitch mode, with a beam throw of 6 arcminutes in azimuth, and
calibrations were made with a vane load, such that the temperature scale is
reported as Ta*, the calibrated antenna temperature corrected for the atmosphere
(Kutner k Ulich 1981). Pointing was checked every 2 hours with observations of
Mars and Jupiter. The pointing accuracy was estimated to be 5" rms. The
observed antenna temperatures for these planets were compared with the
^ Radio astronomy at the Haystack Observatory of the Northeast Radio Observatory Corpora-
tion is supported by the National Science Foundation.
^Nobeyama Radio Observatory, National Astronomical Observatory of Japan, is open for
researchers in the field of astrophysics and astrochemistry.
^The Swedish ESO-Submillimetre Telescope is operated jointly by ESO and the Swedish
National Facility for Radio Astronomy, Onsala Space Observatory, at Chalmers University of
Technology.
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Table 5.1. Summary of Detected C-C2H4O Transitions in Sgr B2N
Transition Frequency 6^^ r/^^ A, 5^, T„b(rms) A^,
-jIj<.iJ<±i (MHz) n (K) (mK) (km s' M (km s-^)
11.1-Oo,o 39581.60^57 (155 1.9 1.00 78( 16) 312 68 8~
42.2-4i,3 41579.43^ 40 0.85 20.5 2.21 54( 14) 21 3 65 3
44,1-43,2 47094.97^ 35 0.74 23.3 1.55 54( 26) 18.6 61 3
55.0-54,1 47556.90^^ 35 0.74 35.2 1.84 112( 23) 16.0 62 7
3i,2 22,1 104688.62^ 16 0.49 11.7 0.89 73( 24) 13 9 67 2
63,4-52,3 219512.82^ 23 0.60 40.3 3.12 378( 55) 13.7 61 1
8o,8-7i,7 235106.08^= 21 0.60 52.4 7.40 269( 25) 9 1 64 6
8i,8-7o,7 235106.ir
54.1-43,2 249161.64^ 20 0.60 32.0 1.71
55,0^44,1 249623.57^^ 20 0.60 35.2 3.95 300( 30) 8.0 62.2
81.7-72,6 254231.79^ 20 0.60 59.2 6.24 570(110) 11.0 62.1
82,7-71,6 254235.72^
Notes: Sgr B2N: a(1950.0) = 17*^44-10.^, 5(1950.0) = -28«21'17". 9^^ is the beam
size; 77^5 is the main beam efficiency; is the upper level energy above the ground
state; 5ui is the intrinsic line strength; T^h is the main beam antenna temperature;
Av is the linewidth; a is the baseline rms corrected for the efficiency; Vlsr is the Hne
center velocity in the local standard of rest. Frequency, E^, and 5ui are calculated
from Hirose (1974). The lines at 47094.97 and 104688.62 MHz should be considered
marginal detections and are not included in the analysis. The transition at 249161.64
is blended, such that gaussian fit parameters could not be determined, and is not
included in the analysis.
^ Observed with the Haystack antenna.
^ Observed with the NRO antenna.
Observed with the SEST.
measured brightr^ess ter^peratures reported by Greve et al (190,)
the mam beam efficiency, The spectrum taken toward the N position of
Sgr B2 [.(1950.0) . 17N4".10.n,
.(1050.0) =
.2802n7"] is shown in Figure 5 1
Because there
.
no other candidate to Klentify with th. ennssion Hue, the n.ost
plausible specs is c-C.H,0. Follow-up observations of other 7nnn transitions of
c-CH^O m Sgr B2N were performed from 1996 December to 1997 March, using
the same experimental procedure described above.
After the possible detection of the l.,-Oo,o transition m Sgr B2N, we checked
data obtained from two spectral line surveys of the M [cv(1950.0) = 17'M4-10.M,
^(1950.0)
-28"22'03"], NW [.(1950.0) = 17^4-06.^6, 5(1950.0) = -28°21'20"],'
and N (coordmates are the same as those mentioned previously) positions m the
Sgr B2 molecular cloud complex. Spectra in the frequency ranges of 30 50 and
79 116 GHz were taken with the 45m telescope of Nobeyama Radio Observatory
(NRG) (Ohishi, Ishikawa, k Kaifu 1998), and in the 218-264 GHz frequency range
with the 15-meter Swedish ESO-Submillimetre Telescope (SEST) (Numnielin et al.
1998).
The Nobeyama spectral line survey was performed from 1988 December to
1996 May. We used a HEMT receiver for the 30 35 GHz scan, and SIS receivers
for the 35-50 GHz and the 79 116 GHz observations. The typical system
temperatures of the HEMT receiver were 150 K, and those of the SIS receivers
ranged from 300 to 600 K. We used a bank of acousto-optical radio spectrometers
(AOS) with a frequency resolution of 250 kHz and a bandwidth of 250 MHz each.
The pointing was checked every 2 hours by using the SiO maser in VX Sgr, and
the pointing accuracy was estimated to be better than 5" rms. The antenna
temperature was calibrated with the standard chopper-wheel method. The data
were taken in position-switching mode with an off-position of 0.5 degrees in
azimuth.
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Figure 5.1. Spectra of C-C2H4O toward Sgr B2N [a(1950.0) = 17M4'"10.n, 5(1950.0)
= -28°21'17"]. The transition is shown in the upper right or lower left of the frame,
and the dashed line marks the velocity Vlsr = 62.0 km s~'.
101
The SEST spectral line survey was carried out hom 1990 August through 1994
November. The Schottky receiver used m 1990-1991, which had system
temperatures around 1300 K, was replaced in 1991 with an SIS-equipped receiver
with system temperatures typically 600 K. Both receivers were operated in SSB
mode with approximately 20 dB image suppression. The SEST wideband AOSs
used for the survey have channel separations of 0.7 MHz, resulting in a frequency
resolution of 1.4 MHz. The data were chopper-wheel calibrated. Pointing errors,
estimated to be less than 5", together with calibration uncertainties result in an
estimated uncertainty in Ta* of 30%. All observations were obtained in
dual-beamswitch mode, with a beam throw of 11.6 arcminutes in azimuth. This
observing method produces very flat baselines at SEST, such that only a
continuum level, on the average ^l.l K (in Ta*), had to be subtracted from the
spectra taken towards Sgr B2N.
The laboratory spectroscopy for C-C2H4O by Hirose (1974) covers the
frequency range 10-123 GHz. Using the molecular constants reported in that
paper, we have calculated frequencies to include transitions up to 300 GHz so that
we could analyze the SEST observations. We estimate uncertainties in these
frequencies to be less than 1 MHz for transitions up to J = 10. This is confirmed
by the recent laboratory measurement of the microwave spectrum of C-C2H4O
(Herbst 1997).
5.4 Results
We report 10 emission lines in Sgr B2N which coincide with transitions of
C-C2H4O (Table 5.1). Of these, there are two transitions (441-432 and 3i2 -22i) we
consider to be marginal detections, which we have not included in further analysis.
An additional line (641 432) was too severely blended with two or more
unidentified lines for us to assign emission characteristics. However, it is clearly
distinguished in the blend. The remaining 7 spectra are shown in Figure 5.1.
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Of the 10 lines in Table 5.1, 7 could not be assigned to transitions from other
molecular species as listed in the JPL catalogue available on the WWW^ (Poynter
& Pickett 1985), while 3 transitions (4,,,-4,3, and 8o,«-7,,) could
potentially be blends with other abundant molecular species in Sgr B2N. We now
discuss below our evidence for including these 3 lines as detections of c-C^H.O.
The 42,2-4i,3 transition of C-C2H4O at 41579.4 MHz is nearly coincident with
the 91,9-82,6 transition of ethanol (C2H5OH), which lies only 35 K above the ground
state. However, this is a A/^ = 3 transition, and, hence, has a small line strength
(Pearson et al. 1995). We have performed a least-squares fitting to the emission
from other C2H5OH lines within the NRO survey. Our results suggest that, given
the excitation conditions of C2H5OH in this source (Te, = 15 K), the contribution
to the emission at 41579.4 MHz from the 91,9-82,6 transition of C2H5OH should be
negligible, and we can claim that this line may be assigned to C-C2H4O.
The 55,0-54,1 transition of C-C2H4O at 47556.9 MHz might be blended with
HCOOH 142,12-142,13 at 47554.6 and/or with C2H5CN 226,i6-235,i9 at
47556.5 MHz, which have upper-level energies above the ground state of 125 K and
147 K, respectively. For HCOOH 142,i2-142,i3 (a K-type doublet transition whose
intrinsic line intensity drops rapidly with J) there is a 132,ii-132,i2 transition at
36818.6 MHz which has a similar line strength and energy above the ground state
(Willemot et al. 1980), such that we expect the emission from the two lines to be
similar. The fact the we do not detect the transition at 36818.6 MHz to less than
20 mK suggests that the 142,i2-142,i3 transition of HCOOH does not contribute to
the emission at 47556.9 MHz. Similarly, we find no emission (down to 23 mK)
from C2H5CN 226,17-235,18 at 47503.6 MHz, which has the same energy and line
strength as the 226, 16-235,19 transition (Lovas 1982). Therefore, we expect no
http://spec.jpl.nasa.gov/
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contribution to the emission at 47556.9 MHz from either HCOOH or C.H^CN, and
we attribute the observed Hue to C-C2H4O.
The 8o,8-7i,7 transition of C-C2H4O at 235106.1 MHz is very close to the
frequency of
-CCS J, = 19,,-18, at 235104.8 MHz. The main isotopomer (CCS)
frequency corresponding to this transition occurs at 246105.5 MHz. There is a Ime
at this frequency in the SEST survey (although it is more likely attributable to
C2H5OH) with = 0.65 K. If we assume that it belongs to CCS instead of
C2H5OH, then we would expect the ^^CCS line to have T,,b < 0.04 K. Moreover,
there is no detection of CCS = 202o-19i9 at 259055.4, which has similar line
strength and energy above the ground state, further suggesting that there is no
contribution from ^^CCS at 235106.1 MHz, and that the emission is the result of
C-C2H4O.
The lines which we identify as resulting from C-C2H4O occur at velocities
(Vlsr) of approximately 60-64 km s-\ with one transition at 69 km s'^
(li,i-Oo,o)- This latter line is emitted from an energy level which is only 2 K above
the ground state and may suffer from self absorption. There is supporting evidence
for low energy lines of less abundant molecules being affected by absorption in
Sgr B2N, for example H2COH+ (Ohishi et al. 1996). Also, the linewidths for the
7mm and 1mm transitions are consistently around 20 and 10 km s'^ respectively.
The exception is the li,i-Oo,o transition at 39.5 GHz, which has an apparent
linewidth of 31 km s"^ This is a very broad feature, and it is not clear whether
some of the features in the line profile (Fig. 5.1) might be emission from
unidentified species. However, we note that the line shape is similar to that of the
42,2-4i^3 transition. These velocities and linewidths are consistent with transitions
from similarly complex molecules, such as C2H5OH, C2H5CN, C2H3CN, and
HCOOCH3, observed in Sgr B2N (e.g., Sutton et al. 1991; Miao et al. 1995). We
attribute the discrepancy in the linewidths between 7mm and 1mm transitions to
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the larger beam sizes of the 7mm observations, which are sampln.g ,nore extended
and cooler gas.
In order to claim the detection of a new molecule in a source whose spectrum
is as complex as that of Sgr B2N, it is necessary to consider the transitions which
fall within the observed frequency bands which were not detected as well as those
which were seen. That the undetected transitions are consistent with the observed
emission lines is shown in Section 5.5.1. We conclude, therefore, that the detection
of C-C2H4O in Sgr B2N is secure. In contrast, no lines attributable to C-C2H4O
were detected toward Sgr B2M or Sgr B2NW. This is consistent with the larger
abundance of complex organic molecules toward the (N) position reported by, e.g.,
Sutton et al. (1991) and Miao et al. (1995).
5.5 Discussion
5.5.1 Excitation and Abundance of C-C2H4O
Although the line blending in Sgr B2N makes identifications and
characterization complicated, we were able to isolate the emission of transitions
due to C-C2H4O for the 7 lines indicated in Table 5.1 and its notes. We have fit
these lines with gaussians to obtain T^^, the linewidth (A?;), and Vlsr- We have
performed a rotation diagram analysis (Turner 1991) on the 7 well-characterized
lines and report a rotation temperature (T^t) equal to 18±3 K (Fig. 5.2). This is
consistent with the rotation temperature of 15 K found for both C2H5OH and
CH3CHO in Sgr B2N, as determined from the NRO and SEST surveys (Ohishi,
Ishikawa, k Kaifu 1998; Nummelin et al. 1998). We calculate the partition
function by direct summation over all energy levels with energy above the ground
state less than 130 K. Energy levels above this value contribute less than lO"'^ to
the total partition function. This calculation yields a C-C2H4O column density,
A^(c-C2H40), equal to 3.3±0.9x 10^'' cm"^. Assuming an H2 column density equal
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Figure 5.2. Rotation diagram of C-C2H4O for Sgr B2N. The 7 points plotted are
those indicated in Table 5.1 and plotted in Figure 5.1. In the label for the y-axis,
Imh is the main beam integrated intensity, expressed in units of K km s"^ The
slope of the line indicates a r^t = 18±3 K, and the y-intercept is related to the
total column density, which we calculate to be A^(c-C2H40) = 3.3±0.9xl0^'' cm'^.
106
to 5x10^^ cm- (Martm-Pintado et al. 1990) for Sgr B2N, the fractional
abundance of C-C2H4O is GxlQ-^'.
It should be noted that the result of the rotation diagram analysis requires
optically thin emission, energy levels populated according to a Boltzmann
distribution, and no beam dilution. It is apparent from Table 5.1 that we have
observed with a wide range of beam sizes, such that varying beam filling might be
an error source. The effects of this scenario have been estimated in the following
manner. We multiply the integrated intensities by the factor, [ff^ + OD/Ol where 9,
is the beam size at the transition in question and 0, is the smallest beam size used.
In this manner, we are assuming that the smallest beam size is equal to the source
size and that the source has a gaussian distribution. The subsequent rotation
diagram results in a rotation temperature equal to 13±2 K and a column density
of 7xl0''i cm-2. However, we feel that the larger linewidths observed for larger
beam sizes are more consistent with extended emission and no beam dilution.
Assuming that T,,, = 18 K and iV(c-C2H40) = 2>xW' cm'^ accurately
characterize the C-C2H4O emission is Sgr B2N, we have performed LTE
calculations of every transition of this molecule covered by the NRO and SEST
surveys to determine whether there are transitions which we failed to detect.
Table 5.2 lists these candidate transitions. The expected antenna temperature,
calculated in this analysis and listed in the table, assumes that the 7mm and 1mm
transitions have characteristic linewidths of 20 and 10 km s"^ respectively, as we
found from our gaussian fits of the detected lines. We see that most of these
candidate lines are either blended with the emission from other molecules, or they
are expected to be less than 4a rms. Only 1 of the 21 candidate lines cannot be
explained in this manner, the 3i 3 2o 2 transition at 94664.55 MHz. Unless there is
anomalous excitation, this transition should have been seen. Our failure to detect
this line may have been due to poor weather conditions during the observations in
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question, which were part of a spectral survey of Sgr B2 and were not designed
specifically to search for c-C.H,0. Before the observations were stopped on that
day, the observing logs indicated high winds, which would have led to errors in
pointing the NRO 45-meter telescope.
We also sought the h,,~Oo,o transition towards Orion KL, W51, G34.3+0.15,
TMC-1(NH3), and B335, reaching 3a limits of order 25 mK (T^^) for the "hot
core" sources and 60 mK for the dark clouds.
5.5.2 Chemistry of C-C2H4O
is
In "hot core" sources, such as Sgr B2N, the formation of complex molecules
thought to involve gas-phase reactions of simple saturated species which have been
liberated from grain surfaces due to energetic processes associated with star
formation. According to Herbst (1997), two possible pathways to the formation of
C2H4O, without distinction among its isomeric forms, involve C2H5 and C2H5OH,
both of which are suggested to be either totally formed on grains or via grain
synthesis of precursors. The first route to C2H4O is the following neutral-neutral
reaction,
O + C2H5 —> C2H4O + H, (5.1)
which has been studied in the laboratory and is rapid. Another production
pathway might be the following chain of reactions:
CH3+ + C2H5OH —^ C2H5O+ + CH4 (5.2)
C2H5O+ + e C2H4O + H. (5.3)
The new standard chemistry model of Lee, Bettens, & Herbst (1996) predicts a
fractional abundance of 5x10"^^ for the isomeric group of molecules, C-C2H4O,
CH2CHOH, and CH3CHO, combined. Results from the NRO and SEST surveys
indicate that 7V(CH3CHO) = 5x10^^ cm"^ toward Sgr B2N, giving an observed
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Table 5.2. Expected Emission for Other C-C2H4O Transiti
Transition Frequency
'S'ul Tr Comment
Jk-:
1 1 1
(MHz) (K) (mK)
44,0--43,1 34147.71 23.3 1.97 23 o" = 10 niK from NRO
22,1"
-2i,2 34156.99 6.6 0.83 24 HCOOCH3
64,2--63,3 35790.55 44.8 4.94 20 C2H5CN
53,2""52,3 37780.68 31.5 3.54 30 a = 13 mK from NRO
33,1""32,2 39680.09 13.7 1.29 29 (J = 10 mK from Haystack
3l,2""3o,3 45177.53 11.7 1.11 31 cr = 11 mK from NRO
44,1-"43,2 47094.97 23.3 1.55 25 a = 15 mK from Haystack
32,2"
-3i,3 49000.93 11.8 1.04 31 CS
62,4-"61,5 84282.47 40.2 2.11 23 cr = 24 mK from NRO
63,4--62,5 85061.29 40.3 2.11 23 a = 25 mK from NRO
5l,4'~5o,5 85424.89 26.7 1.11 25 C2H3CN
^2,4""5l,5 85591.21 26.7 1.11 25 cr = 25 mK from NRO
22,r-li,o 90547.93 6.6 1.50 100 SO2
3o,3""2l,2 93668.08 9.5 2.36 140 C2H5CN, CH3OCH3
3l,3""2o,2 94664.55 9.5 2.39 143 0- = 18 mK from NRO
22,1-
-ll,l 104085.94 6.9 0.77 57 a = 19 mK from NRO
54,2""43,1 225468.02 32.5 2.47 158 (J = 150 mK from SEST
7i,6--62,5 226043.07 47.0 5.25 157 a = 150 mK from SEST
72,6""61,5 226072.03 47.0 5.25 157 a = 150 mK from SEST
55,1""44,0 247523.25 35.2 4.00 231 HCOOH
9o,9-"81,8 263293.95 65.0 8.40 104 CH3OCH3
9i,9-"80,8 263293.95 65.0 8.40 104 CH3OCH3
Notes: is the upper level energy above the ground state; Su\ is the intrinsic
line strength; Tr is the expected radiation temperature calculated in our model,
assuming linewidths of 20, 15, and 10 km s~^ for the 7mm, 3mm, and 1mm
transitions, respectively. The model assumes Trot = 18 K and A'^(c-C2H40) =
3x10^^ cm~^. A molecule listed in the "Comment" column denotes a blend with
C-C2H4O.
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fractional abundance (c-C.H.O + CH3CHO + CH,CHOH) > IQ- (CH,CHOH
.s
still undetected). Thus we find that the new standard model underestimates the
isomeric-group abundance by at least a factor of 200. Given equation 5.2, this
might be related to the very low predicted abundance of C.HsOH from the model
(^10-^2)^ ^^.^^
^^^^^^^^^ ^.^^ ^^^^^^^^ ^^^^ abundance ^^10"^ toward
Sgr B2N in the mapping observations of Ohishi, Yamamoto, k Saito (1998).
The fact that the current chemistry models cannot reproduce the observed
abundances of complex organic species, as evidenced by the results for C2H5OH,
CH3CHO, and C-C2H4O toward Sgr B2N, urges further development of the
chemical models, including grain surface reactions. Future searches for CH2CHOH
are warranted, given the enhanced abundance for C-C2H4O determined in this
study toward Sgr B2N, as it would surely improve our understanding of the
formation pathways to the other isomers of C2H4O.
Chapter 6
Conclusions and Prospectus
This dissertation has investigated the chemical evolution in a variety of
environments in the dense interstellar medium. The mam goal of the study was to
characterize the extent of the link between chemistry occurring in the gas phase
and on the surfaces of grains. Our first step in this process was discussed at length
in Chapter 2 and involved a detailed examination of the physical and chemical
structure in the quiescent dark cloud core L134N. By choosing a quiescent core, we
hoped to minimize the effects that grains might have on the gas phase abundances.
In this way, we could explore the gas phase chemistry models and get a handle on
any shortcomings of these models in such a physically simple source. Next, we
carried out observations aimed specifically at molecular processes whose chemistry
might be related to grains, namely the ortho/para ratio of H2CO (Chapter 3), the
hydrogenation of CN leading to the formation of CH2NH (Chapter 4), and the
formation of complex ring structures such as C-C2H4O (Chapter 5). A detailed
look at the observations and implications for interstellar chemistry have been
discussed in each chapter, and we summarize the conclusions in this chapter.
6.1 L134N
We mapped the emission from 34 transitions of 14 molecular species and their
isotopomers over a 8.5' x 10' region in L134N. In addition to the widespread
emission associated with the systemic velocity of L134N (Vlsr~2.5 km s"^), we
also see signatures of multiple velocity components (as many as two more) for CS,
C^^O, SO, and HCO"^, mainly associated with the emission toward the C and W
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positions. Since we had no information from optically thm species for the
secondary and tertiary velocity components, we could not analyse these features
further with the current data set. For the main velocity component at 2.5 km s-\
we used statistical equilibrium calculations to determine the kinetic temperature,
molecular hydrogen density, and molecular species abundances. Using observations
of the rotation-inversion transitions of NH3, we determined that the temperature
toward all lines of sight in L134N is consistent with 10 K. We used multiple
transitions of HC3N, N^H^, and CS to derive the molecular hydrogen density. We
found little evidence for significant variation in the density, and the average for all
lines of sight is -2x10^ cm-^. Using the kinetic temperature and molecular
hydrogen density found above, molecular column densities were calculated. In this
study, we found that even the rarer isotopomers had significant optical depth.
We determined that the observed emission variations were the result of both
column density and abundance variations for individual molecular species. The
emission peaks at the N and C positions for N2H+, HC3N, HCN, and HNC are due
to an increase in their abundances relative to HCO+. While we observe emission
peaks toward the W position for C^^O, CS, and CH3OH, there is also a
corresponding increase in the H^3cO+ column density, such that an abundance
enhancement (relative to HCO+) is not apparent. However, the SO and SO2
emission peaks toward the W position are indeed due to abundance enhancements
relative to HCO+.
In addition to large abundance variations for many species, we see evidence for
sytematic trends for the abundances. The abundances for the "early" time species
CS, C2H, CN, and HC3N peak at the N position and drop toward the southern
region. Furthermore, their abundances indicate that emission from these species
exhibits a north-south ridge structure. On the other hand, the "late" time species,
SO and SO2, are more abundant in the south and west than in the north. These
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abundance trends are suggestive of a difference in the chemical ages of these
regions, with the north being "younger" than the south and west. In relation to
the production of CN, HCN, and HNC, we found supporting evidence for new
branching ratios of the dissociative electron recombination of HCNH+ (Shiba et al.
1998; Hirota et al. 1998).
Our results are consistent with a C/0 abundance ratio variation as proposed
for L134N by Swade (1989b). As is noted by Pratap et al. 1997, small changes in
either the C/0 ratio or the molecular hydrogen density result in significant
abundance variations at a given evolutionary stage. A factor of 2 uncertainty in
the density is present in our data toward some positions in L134N, so we cannot
necessarily distinguish between variations in the C/0 ratio and density.
6.2 Processes Related To Grain Chemistry
We have carried out a survey of the ortho/para ratio of H2CO in both
quiescent and outflow-associated dark clouds to investigate the efficiency of
gas-grain interactions. When combined with the results of Minh et al. (1995), this
mesurement has been accomplished for 3 quiescent clouds and 5 cores with
outflows signifying the earliest stages of the star formation process. We found the
quiescent cores had ortho/para ratios consistent with 3, the value expected at the
high temperatures associated with gas-phase formation. In contrast, we derived
ortho/para ratios between 1.5 and 2.1 for the outflow sources. Such a low ratio is
expected for formation at low temperatures, perhaps as the result of formation on
grains where the energy of formation can be dissipated throughout the entire
volume of the grain. Moreover, we find an accompanying increase in the H2CO
column density. The low ortho/para ratio and enhanced column density suggest
that we might be witnessing direct evidence for the formation of H2CO on grains
in clouds associated with star formation, where the energy of the protostar serves
to remove molecules formed on grain mantles.
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The formation of molecules by the successive addition of hydrogen atoms, also
known as hydrogenation, is thought to require grains smce such reactions often
have activation barriers. On the grain, the hydrogen atom has sufficient time to
tunnel through the energy barrier. Therefore, we performed observations of
methylenimine (CH^NH), a more hydrogenated relative of CN and HCN, toward
quiescent and star forming cores. We determined that the observed abundance of
CH2NH in quiescent material is well matched by gas-phase chemistry models.
However, its abundance relative to HCN is enhanced by more than an order of
magnitude in the active cores. This result is indicative of grain formation of
CH2NH and subsequent removal from grain surfaces related to the increased
energetics of the actively star forming cores.
Finally, we report the first interstellar detection of the cyclic molecule ethylene
oxide (C-C2H4O) toward the Galactic molecular cloud Sgr B2N. The formation of
this molecule is thought to be from either C2H5OH or C2H5, both of which are
suggested to be either totally formed on grains or via grain synthesis of precursors.
6.3 Implications and Prospectus
The main goal of the L134N chemistry survey was to characterize the physical
and chemical state of the cloud. We were challenged to explain complex emission
patterns and large abundance variations. By studying a large number of molecular
species, greater constraints could be placed on the chemical models. In general,
the current gas-phase chemical models do a reasonable job of reproducing the
observed abundances of most molecular species in L134N if we assume that the
abundance variations are indicative of different chemical ages. Furthermore, this
large data set can be used to explore reaction rates and formation processes for
those species, such as CS, CN, and SO2, whose observed abundances could not be
matched at any time in the chemical models.
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In addition to the complex chemistry, there was evidence for multiple velocity
components m the CS, C^O, SO, and HCO+ spectra toward the C and W
positions. Are the velocity components indicative of collapse and fragmentation of
L134N toward the W position? There has been no evidence for an embedded
source in L134N. However, the release of H,0 from grains, caused by low velocity
gram-grain collisions in a fragmented clump, could explain the proposed increase
in the 0/C abundance ratio toward the W position as evidenced by the observed
increased abundance (relative to HCO+) of oxygen-bearing species like SO, SO,,
and CH3OH. Further study of this position is warranted. In order to study the
relationship between the 0/C ratio and fragmented cores, high resolution
observations of SO, SO,, and CH3OH toward the W position in L134N could prove
fruitful for understanding the increased abundances of oxygen-bearing species.
Although recent results with the Infrared Space Observatory (ISO) have made
the role of grains in the chemistry of the ISM more definitive, the inventory of
molecular species formed on grains is harder to determine. Solid state spectra have
characteristically broad features making secure assignment difficult. Instead,
identification requires interpretation based on comparison with laboratory spectra
of suspected chemical mixtures of ices. Interstellar molecules in the gas phase can
be distinctly identified through millimeter-wavelength observations of pure
rotational spectra. The major disadvantage here is that the molecules must be in
gas-phase, such that we have to choose molecular cloud sources that have the
ability to remove molecular material from grain mantles. Plans are already
underway to expand our millimeter-wavelength studies of complex molecular
species whose chemistry may be related to grains. Specifically, we have begun a
survey of the three isomers acetaldehyde (CH3CHO), vinyl alcohol (CH2CHOH),
and ethylene oxide (C-C2H4O) in molecular clouds in an effort to better constrain
the formation of these related species. Also related to ethylene oxide, studies of
complex ring structures will continue to be carried out, including searches for the
species furan (C-C4H4O) and cyclopropenone (C-C3H2O).
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